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Abstract
This thesis deals with the finite element simulation of composite beam with openings in 
metal-ribbed decking slab. A three-dimensional (3D) finite element model is proposed 
using general purpose finite elemnt sotware, ANSYS, to carry out non-linear analyses to 
investigate the effect of openings in metal-ribbed decking slabs on strength and 
deformation. Firstly, the finite element (FE) model had been developed to predict the 
behaviour of composite beams without openings in metal-ribbed decking slab as a 
reference before the influence of the openings in metal-ribbed decking slab was 
investigated. The FE model developed has been validated with the experimental test 
carried out by other researchers. It is proposed to implement 3D shear stud modelling in 
composite beam to simulate the real deformation of shear studs in composite beam with 
metal-ribbed decking slab. Close agreements for ultimate load and load-deflection curve 
plot have been recorded between the finite element model and experimental results. 
Having obtained the capability to predict the ultimate moment capacity of composite 
beam, a parametric study of the effect of openings in composite beam flange on the 
moment capacity of composite beam was carried out to study the influence of different 
parameters. The parameters such as openings size in tranverse and longitudinal direction, 
openings location and load location were considered. It is observed from investigation 
that the opening size in tranverse direction and load location produced significant effect 
in moment capacity due to openings. The investigation to study suitable method to 
increase moment capacity of composite beam with openings also has been carried out. It 
is observed from investigation that, concrete strength, thickness of slab and diameter of 
reinforcement bar can be used to increase the ultimate moment capacity of compsoite 
beam with opening up to the moment capacity of composite beam without openings. A 
design method is suggested to predict the ultimate moment of composite beam with 
openings. Comparisons between results of the proposed design method and 
corresponding FE analysis have shown that the derived formulae are able to predicts the 
moment capacity and stiffness of composite beams due to openings in the flange.
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Chapter 1: Introduction
Chapter 1
INTRODUCTION
1.1 Overview
The idea of combining two or more different materials together to increase their 
structural performance has been around for more than hundred years and has 
continued up to the present time. Instead, ancient people, Eastern and Western, built 
houses with the combination of mud and chopped straw, which may also be 
considered as composite structures. Composite structures offer many advantages over 
simple structures. One of the most advantageous features of composite construction is 
its flexibility in design, offering the designers virtually infinite possibility to “tailor” 
both the geometric shape and material to optimise the structural performance. As a 
result, for a similar shape and size, a composite structural member can have greater 
stiffness, higher load carrying capacity and resistance against material damage and 
higher collapse capacity. Consequently, composite members can provide better 
economy of material and construction.
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Traditionally, in structural engineering applications, com posite construction refers to 
casting o f  concrete slab on steel section, using the w hole assem bly as a single 
structural unit. This system is termed as steel-concrete com posite system. Reinforced 
concrete is inexpensive, massive and stiff while steel m em bers are strong, lightweight 
and easy to assemble. With the advance o f  new technologies and materials, com posite 
structures now, may include all types o f  construction that are formed by arranging two 
or more structural materials. Am ong these is the introduction and widespread use o f  
com posite-steel decks that serve initially as work platform s and concrete form w ork 
and as slab reinforcem ent in resisting loads after the concrete has hardened. A typical 
m odem  com posite-floor system is shown in Figure 1.1. The com posite floor system 
consists o f  four principal com ponents, which are steel beam section, steel deck, 
headed shear stud and concrete slab. In com posite fram e system, the beam supports 
the floor slab and at each intersection between beams and colum ns, the colum ns are 
usually continuous and the beams are attached to their external faces by connections. 
These are usually assum ed in design to act as pin joints, but they may be sem i-rigid or 
rigid. Com posite slabs and semi-rigid connections constitute a new type o f  sem i-rigid 
connection.
C om posite
beam
M etal-ribbed
Steel column
C oncrete slab
Steel beam
decking
Figure 1.1: Typical com posite floor system
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1.2 Statement o f problem
Composite floor system has a widespread use in construction because of the benefits 
of efficiently combining the two construction materials, steel and concrete. It is 
economic in terms of labour saving on site, construction timing and shallower 
structural size. A composite slab is normally designed as a deformed deck-slab by 
using shear connectors to transfer interface shear to act as the base for the concrete 
floors as shown in Figure 1.2.
Concrete
bear connectors
<z>
Metal-ribbed
decking
Steel beam
Figure 1.2: Composite beam components in composite floor system
However, openings frequently occur in commercial or hospital buildings which may 
contain pipelines, risers, placing heating, ducts and ventilation. These may require a 
large opening in the composite slab (as shown in Figure 1.3) which has the potential to 
reduce composite beam capacities and to have influence on moment resistance of the 
whole composite system. In composite beam and slab design, designers are often 
faced with this problem (Xiao 1998).
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\  Steel deck 
orientation
Crack control rebars
Slab opening
Figure 1.3: Opening in composite floor system
Openings are varied in terms of size and position. Openings can be located anywhere 
in the composite beam flange, symmetrically and asymmetrically. BS5950 Part 4 (BSI 
1994) gives little guidance on the design for openings, referring instead to BS8110 
(BSI 1997) for the slab design itself. No details are given and the metal decking 
suppliers themselves give only minimal recommendation covering extra reinforcement 
or trimming steel to satisfy local slab checks as shown in Figure 1.4. The composite 
floor system relies for its strength on steel beam acting compositely with a concrete 
slab via metal ribbed decking and shear connector. Hence, it is clear, when a 
composite beam is weakened by opening, this potentially affects the moment 
resistance of the whole composite system.
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Opening
Reinforcing bar in slab
Figure 1.4: Cut-out and reinforcing bar in the metal-ribbed decking
1.3 Previous work
Xiao et. al. (1998) have proposed a design method for calculating the moment 
resistance of composite slab with openings in the sagging moment region. The 
ultimate strength of the composite section can be determined from its plastic capacity. 
A design formula for composite beam with openings was derived by inclusion of the 
opening effect into plastic analysis. Openings were assumed within the effective 
breadth of the composite beam. Only the net effective width of the composite beams 
flange was considered in plastic analysis. This method is termed as the effective width 
method. The modified section then was used in the calculation of the composite 
section with compliance to BS 5950 (BSI 1990) composite beam design. Xiao et al. 
(1998) have also proposed the continuity design approach to counter the influence of 
openings.
The design formula was programmed in design software and a parametric study 
carried out. The parameters considered were steel strength, beam section size, beam 
span, metal decking slab or solid slab, concrete strength and slab depth. The 
conclusions from the research were as follows:-
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• Moment resistance of the composite beam was significantly affected by the 
presence of openings in the composite slab.
• A small steel section is more sensitive to the opening effect in the slab.
• Continuity in the support regions could counter the influence of openings on 
the moment resistance of the structure.
1.4 Objectives of research
The structural response of a composite beam with metal ribbed decking is 
predominantly nonlinear. By locating openings in the composite beam flange, it is 
expected that the positive moment capacity of a simply supported composite beam 
will decrease. However, due to a lack of knowledge of their performance, design of 
composite beam with openings in the metal ribbed decking composite slab can be 
either too conservative or inadequate. To predict accurately the structural response to 
loading in order to design safely such structures, a realistic analysis should be carried 
out to consider all nonlinearities in metal ribbed decking composite beam with and 
without opening.
With this consideration, this research has been conducted as an extension to the 
previous research work by Xiao et. al. (Xiao 1998) to achieve the following goals:-
• To develop a nonlinear finite element model of metal ribbed decking
composite beam on a single span, incorporating the nonlinear aspects of 
behaviour.
• To develop a nonlinear finite element model of metal ribbed decking
composite beam with openings in the composite beam flange on a single span
to investigate the behaviour of structure with associated parameters.
•  Development of a theoretical prediction method based on finite element 
simulation results.
•  To give guidelines to designers and contractors to take into consideration the 
influence of openings.
• Methods to improve strength of composite beams with openings.
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1.5 Research programme
To achieve the objectives set in this thesis, finite element software package ANSYS 
(ANSYS Release 10) has been used to carried out the research. ANSYS is selected as 
a tool due to its capability in nonlinear analysis. The research was carried out in the 
following order: -
• Development and verification of the finite element (FE) model of composite
beam without openings in metal ribbed decking slab.
• Investigation of the effects of openings in the composite beam by using the
aforementioned FE model.
• Investigation on suitable method to increase the capacity of composite beam 
with openings in metal-ribbed decking slab
• Development of a design equation for composite beam with opening in the 
metal-ribbed decking slab.
1.6 Scope of the thesis
This thesis presents the details of the research work on modelling the behaviour of 
composite beam with and without openings in metal ribbed decking composite slabs. 
The thesis is divided into seven chapters.
Chapter 1 describes the composite system, statement of problem, previous work, 
objectives of the research work, research programmes and scope of thesis.
Chapter 2 introduces the reader to the literature review, which assesses the research 
conducted in the fields relevant to this project: Composite beam with metal ribbed 
decking slabs, including both experimental and numerical modelling conducted by 
other researchers. The materials used to construct composite beam with metal ribbed 
decking and composite connections also are discussed.
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In Chapter 3, an introduction of analytical methods especially the finite element (FE) 
software (ANSYS) is highlighted. Material modelling and the type of element used in 
FE modelling also are described in detail.
In Chapter 4, the development of a nonlinear three-dimensional FE model of 
composite beam with metal ribbed decking is described in detail. The modelling 
technique especially the implementation of FE modelling of headed shear stud into the 
composite beams modelling, is the focus in this chapter. The modelling of composite 
beams with metal ribbed decking slab is verified by experimental tests which have 
been conducted by other researchers. A parametric study has been conducted by using 
the new modelling technique of composite beam with metal ribbed decking slabs.
Chapter 5 is devoted to the FE modelling of composite beam with openings in the 
metal-ribbed decking slab. Intensive FE analyses have been carried out to gain an 
understanding of structural behaviour and their moment capacity reduction when 
openings are located in the composite beam flange. The final part of this chapter is a 
parametric study of the suitable method to increase the ultimate moment of composite 
beam with openings.
Chapter 6 presents an analytical method for calculating moment capacity of composite 
beam with opening in metal-ribbed decking slab. Also results are compared with 
corresponding finite element results obtained using model proposed in Chapter 4.
Finally, Chapter 7 summarises the major findings of the research and 
recommendations for further study.
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Chapter 2
LITERATURE REVIEW
2.1 Introduction
Most of the composite floor systems built today are of steel-concrete composite. It is a 
fact, however, that engineers are increasingly designing composite and mixed building 
systems of structural steel and reinforced concrete to produce more efficient structures 
than the ones designed using only one of those materials. Continuous development has 
been carried out to optimise the structural form, which has led to designs that are 
lighter, more efficient and economic. In fact, the drive for designing lighter and more 
economical structures has always been a major motivation in building construction. In 
order to achieve improved economy, an efficient and speedy construction technique is 
essential. Steel is considered to be the most suitable material for quick and efficient 
construction, as the steel member can be fabricated in factory to the correct 
dimensions, minimising tolerances and wastage. The high ratio of strength to weight 
of steel also makes the material easy to transport and handle in the workshop. Steel is
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preferred as it is lighter, has lower energy consumption in production, experiences less 
damage during handling and has an excellent recycling value.
This chapter summarises and reviews important findings from a number of 
researchers, who have examined composite beam with metal-ribbed decking. Special 
attention is given to the composite beam with openings in metal-ribbed decking slab. 
To study composite beams with metal-ribbed decking, it is also useful to know about 
its basic design which is discussed in depth in this chapter.
2.2 Composite beam with a metal-ribbed decking slab
2.2.1 Introduction
One of the components in a composite frame system is composite beam. A composite 
beam is designed using a combination of concrete slab, shear studs, steel section and 
profiled steel sheeting. Structurally, a composite beam behaves like a series of parallel 
T beams with thin, wide flanges. An effective breadth of slab is identified, which acts 
in conjunction with the steel beam. The steel shape is used primarily to resist tension 
and shear, while the concrete slab acts as a compression-resisting element, when the 
structure is subjected to sagging (positive) moment. Thus, the composite beam is 
usually designed as a simply supported construction. The slab also restraints the upper 
flange of the steel section against local and lateral buckling. This type of beam 
normally can be designed to achieved a span of 1 -  40 m (Hayward 2002).
A conventional composite T-beam is a combination of solid slab with steel beam I- 
section. However, with the introduction of metal decking, the change from solid slab 
to decking slab is developing rapidly. Metal decking was first used as a non-composite 
material, where it was used as roofing and working platforms on which to cast 
concrete slabs. Nowadays composite-steel deck floor system is used in almost all 
multistory, steel-framed buildings for economical reasons (Chien 1993).
One of the factors that has made the composite beam popular is the development of 
welded headed studs. Headed shear studs provide a mechanical shear connection 
between the top flange of the steel beam, the concrete and the steel deck. A push-off
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test is used to determine the shear capacity of the connector in a composite beam 
instead of the full-scale composite-beam test. Since the shear capacity is one of the 
most important parameters in the determination of composite-beam strength, the push- 
off test is considered to be a very important test. In addition, it is not as costly as the 
full-scale beam test. Due to the popularity of composite steel-deck construction, much 
research on composite beams with metal-ribbed decking has been carried out, using 
full-scale composite beams, push-off tests or computer modelling.
2.2.2 Experimental study
Robinson (1967) carried out an experimental programme to investigate the influence 
of rib geometry on the general performance of beams. Fifteen simple-span beams and 
thirty-nine push-off specimens were tested. From the results, he concluded that the 
stiffness and load-carrying capacity of composite beams could be increased by the 
improvement of the composite action between the decking, the concrete slab and the 
steel beam. If the correct interaction is achieved, the mode of cracking is influenced 
by the geometry of the ribs. He also found that the geometry of the metal decking 
played an important role in rib cracking, where the concrete cracking of the rib 
occurred in an elastic range for the height- width ratio greater than 1; while for the 
height- width ratio less than 1, it occurred close to the time when local yielding of the 
beam was initiated. All the beams that were tested, failed, due to inadequate shear 
connection; great deformation and concrete crushing and cracking was only a 
secondary effect, which was mostly initiated around the point-load region.
Fisher (1970) proposed a formula for the reduction in shear capacity of the shear 
connector of a composite beam with metal-ribbed decking. The formula was 
developed after he found that composite beams could be modelled with a haunch slab, 
which was equal in thickness to the solid slab and part of the rib above. The formula is 
given in Equation (2-1)
(2- 1)
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Where,
Qnb “ Shear strength of connection in a rib
A = numerical coefficient (0.5 for beams)
w = average rib width
h = height of rib
Qsoi =shear strength of connector in solid slab
Robinson et al. (1973) presented results from two series of tests on a composite beam 
with metal-ribbed decking slab. The experimental programme consisted of tests on 
twelve push-out test and nine simple span composite beams. Single studs and double 
studs were used in the push-off and composite tests. The objective of the investigation 
was to verify the use of ultimate strength computation, based on partial connection 
and to study various connectors spaced up to 914.4 mm apart. It was found that the 
strength of a connection with two studs is approximately 50% greater than one with a 
single stud. The factors affecting the strength of connection in a metal-decking slab 
include width of the slab, embedment length of the stud in a solid slab, width of ribs, 
and stud diameter. He also found that a partial connection ratio of 0.5 enabled a beam 
to attain 82% of the full ultimate flexural capacity. However, for the 0.27 ratio, 
connections had failed slightly above working-load level.
Grant et al. (1977) reported the evaluation of the work done in Lehigh University in 
1971, which involved seventeen full-scale tests on composite beams with metal 
decking and an additional fifty-eight tests conducted by other researchers. They 
proposed a formula for calculating the capacity of shear studs in the ribs of composite 
beams with metal-ribbed decking, by incorporating the parameters of the average rib 
width-height ratio, height of the rib, embedment of the connector and number of 
connectors. He modeled the reduction in shear capacity by formula shown in Equation
(2-2).
(2-2)
Where,
N = number of studs in a rib
H = height of shear connector
Qsoi = strength of the stud shear connector in a solid slab
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Robinson (1988) reported on the studies of the behaviour of multiple stud shear 
connections in deep-ribbed metal decking. Seventeen different types of push-off 
specimens were tested, using a variety of ribbed, metal profiles, a number of different 
connectors and locations of headed stud, and two full-scale beams. Each push-out test 
specimen consisted of either a single or a pair of headed shear studs. The purpose of 
the push-off test was to determine the ultimate strength of the shear specimens to be 
used in the design of a composite beam. The theoretical result of the pairs-single stud 
ratio was derived from Equation (2-2), which was introduced by Grant (1977); this 
was compared with the experimental result of the pair-single stud ratio. From the 
theoretical and experimental results, there were no cases of the double studs having 
two times the interfacial strength of the single studs. The ratio of the ultimate flexural 
moment of a composite beam, between the theory and the test, was nearly 1.0, which 
shows very good agreement. He concluded that having one lateral row of single or 
pairs of headed shear studs in the push-off test gave reliable shear strength results, 
which were comparable to the shear connection in composite beams.
Jayas et al. (1988; 1989) carried out an experiment on the behaviour of headed studs 
using a push-out test and a full-size composite beam with metal-ribbed decking. The 
first phase of the research was reported in year 1998 and consisted of eighteen full- 
size, push-out tests. The second phase of the research, in year 1989, consisted of four 
full-size composite beams and two full-size push-off tests. From the research, Jayas et 
al. (1989) proposed empirical equation for specimens with depth of decks of 38mm 
and 76mm. The equations are given as below:
Vc = 0.35/L^ f ' c Ac < Qu For metal decks with 76 mm depth (2-3)
Vc = Q.6\Zy[f\Ac < Qu For metal decks with 38 mm depth (2-4)
Where,
Vc = shear capacity due to concrete pull-out failure (N)
f c = concrete compressive strength (MPa)
Ac = area of concrete pull-out failure surface (mm2)
X =1.0 for normal density concrete, 0.85 for semi-low density concrete, 0.75 for
density concrete.
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He found that the predicted values of flexural capacity, which were calculated using 
plastic analysis by incorporating Equations (2-3) and (2-4), were in good agreement 
with those observed in the full-size beam specimens tested.
Harding (1990) reported his experimental research on metal-ribbed decking composite 
beams with partial shear connection. The interaction was between 26% and 77%. The 
parameters considered were overall span, different types of British metal decking 
profiled with parallel or transverse decking orientation, degree of shear connection, 
type of concrete and effective slab width. He found that the mode of failure of the 
composite beams with partial stud shear connection was interfacial shear due to the 
critical loss of shear connection between the steel deck slab and steel beam. However, 
for the composite beam with full shear connection, the beam failed in flexural mode. It 
was found that the influence of shear lag can be ignored for a maximum slab-span- 
width ratio of 3. He also found that the end-slip was at about 1.5-2.0mm for the beam 
failed in the interfacial mode and about 0.5 mm for flexural mode of failure. 
Interfacial slip was shown to significantly reduce both stiffness and strength of a 
composite beam.
Nie et al. (2007) reported on an experimental study of the performance of a metal- 
ribbed-decking composite beam with partial shear connection. In the test, degree of 
shear connection was varied between 0.25 and 1.85. The degree of shear connection 
1.85 is a theoretical value which means the number of shear studs provided is 85% 
more than number of shear stud required for full interaction. The experiment consisted 
of three series, including: a simply-supported beam subjected to positive-bending and 
negative-bending, and continuous beams with two or three spans. The ultimate 
moment from the test was compared with EC4 and AISC equivalent methods, which 
showed that the method overestimated the bending strength by about 2.7% to 9.7%, 
respectively and closely predicted the negative-bending strength. For a continuous 
beam with partial interaction, it was found that both positive and negative bending 
could be predicted by using the EC4 method. He also found that the deflection of a 
continuous beam at 50% of the ultimate load was increased by about 45% to 98%, 
compared to the beam with lull shear connection.
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2.2.3 Computer modelling
Full-size composite beam test and full-size push-out test require facilities that are 
costly to implement. Nowadays, computer modelling is considered a very important 
tool to predict the behaviour of such structures. Computer modelling of metal-decking 
composite beams and push-out tests could reduce the use of full-size tests and enable a 
number of repetitive analyses to be carried out so that a comprehensive parametric 
analysis could be conducted. Computer modelling, carried out by many researchers, is 
described in this literature review.
Wright (1990) introduced the folded-plate method in composite-beam modelling, 
which used an exact elastic solution. The composite beam is idealised as components 
plates, considering the slab as concrete plates and the steel beam as individual steel 
plate as shown in Figure 2.1. A ‘dummy element’ that connected a steel beam to a slab 
was developed, which was considered to be a more flexible approach. The method had 
been used previously in the modelling of a metal decking composite beam (Wright 
1990). Discrete, non-linear connections can be taken into account by disconnecting 
the ‘dummy’ element from the beam, thus creating a free-slip surface. The forces 
introduced give rise to a differential slip and, with some iteration, it is possible to 
match the load and slip to the relationship obtained from the push-off test. As each 
stud load and resulting slip is applied individually to the analysis, non-linear effects 
are automatically included. As each stud load and resulting slip is applied individually 
to the analysis, non-linear effects are automatically included.
rot.
Figure 2.1: Folded plate approach of composite beam proposed by Wright (1990).
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Computer modelling was proposed by Wang et al.(2008) and Fahmy et al. (2008) 
recently. Both of them used ABAQUS in the finite element modelling. Wang et al. 
used 2-D models by employing a plane stress element in order to examine the 
structural behaviour of perforated steel beam web of composite beams with metal- 
ribbed decking. He used horizontal and vertical spring elements for shear and axial 
deformation, as shown in Figure 2.2. Equation (2-5), was used as constitutive load-slip 
curve. On the other hand, Fahmy et al. (2008) proposed that 3-D, non-linear modelling 
to investigate longitudinal cracking of concrete slabs in a metal-ribbed-decking 
composite beam. He also used the spot-weld option, which is available in ABAQUS, 
to model the shear stud. The model is shown in Figure 2.3. The hyperbolic curve, as in 
Equation (2-6), was used to idealise the actual load-slip curve. Generally, both of the 
models can effectively predict the behaviour of composite beams, when the 
comparison of the load-deflection curves from FE model is compared with the 
experimental curve.
F, =P, ( l -e^r (2-5)
Where,
Ps = shear resistance of headed shear stud
Fs = longitudinal shear force developed in the headed
s = slippage (mm)
a  = non-dimensional parameter with the value between 0.5 and 1.5
P = parameter with unit of mm'1, typical values between 0.5 and 2.0
(2-6)
Where,
Q = shear force in connector
y = slip
A,B,C = constant
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Figure 2.2: Spring Element in composite beam proposed by Wang et.al (2008)
The Steel_ 
Beam e
Elevation Side View
Figure 2.3: Composite beam model proposed by Fahmy et. al (2008)
From the literature mentioned above, it is found that modelling of shear connection of 
a metal-ribbed-decking composite slab is very important issue. Kim et al. (2001) used 
FE modelling to model a push-off test for the shear connection between steel beams 
and a metal-ribbed-decking composite slab, which used through-deck, welded shear 
connectors. He modelled the push-off test using a 2D (linear and non-linear) and 3D 
(linear-only) model. The stud was assumed to be a rectangular element. He used 
double nodes between concrete and stud to simulate the separation. The same nodes 
for the concrete and the metal decking were also used in the model. It was found using 
linear 3D FE model, load-slip curve comparison between experimental and finite 
element analysis was close in elastic range and deviate away in the inelastic range.
For the non-linear 2D, the load-slip curve obtained from the FE model seemed to 
deviate away from experimental curve. The FE model is shown in Figure (2.4).
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Figure 2.4: FE model o f  push-off proposed by Kim et. al.(2001)
Ellobody et al. (2006) proposed a different approach in FE m odelling o f  the push-off 
test, to investigate the behaviour o f  the headed shear connection in a com posite beam 
with a m etal-ribbed-decking slab. He modelled using a 3D non-linear analysis. It was 
found, load-slip curve predicted by the non-linear 3D FE was close agreem ent with 
experim ental load-slip curve. The FE model is shown in Figure (2.5).
Concrete
Surface 1
Surface 2 Steel beam
Surface 3
Hciulctl si ml
Profiled sheeting
Rein force merit bar
Figure 2.5: Finite elem ent model o f  push-off proposed by Ellobody et. al. (2006)
Most researchers used spring elem ent to simulate shear stud interaction in com posite 
beam m odelling. However, to use spring element, actual load-slip relation needs to be
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obtained from the push-off test before the analysis. Furthermore, shear stud in 
composite beam may behave differently, depending on their position. In the other 
hand, the capacity of the shear connection, the load-slip behaviour of headed studs 
connection and failure modes were accurately predicted by 3D finite element model 
(Ellobody et al. (2006)). Due to this reason, in this thesis, used of 3D shear stud 
modelling technique by was proposed using the FEM for composite beams with 
metal-ribbed decking.
2.4 Composite beam with openings in metal-ribbed decking slab
The steel-concrete composite constructions of floor systems have been widely 
accepted and used in industrial and residential buildings, because of their numerous 
advantages. However, designers frequently find it necessary to introduce openings in 
commercial or residential buildings to facilitate access for services and inspection. In 
composite beams, openings are placed in the steel web, in the composite beam flange, 
or in both. The holes for, amongst other things, piping, electrical wiring and plumbing, 
have to be provided in a composite beam. Such openings have the potential to 
significantly affect the moment resistance of the whole composite system. Loss of 
strength due to openings can easily exceed 25% of the total moment resistance (Xiao 
1998). It is possible to position additional reinforcement around the opening to ensure 
that the strength lost by the cut-out is recovered; however, introducing additional 
reinforcement is an expensive operation on account of the welding and handling costs 
involved. The need for reinforcement must, therefore, be established by a fairly 
precise assessment of the effects of the openings (Shanmugam 1997). For openings in 
a composite slab, no details are given and the metal decking suppliers themselves give 
only minimal recommendations, covering extra reinforcement or trimming steel, to 
satisfy a local slab check (Xiao 1998). BS 5950: Part 3 (1990) gives little guidance on 
the design for openings referring instead to BS 8110 (1997) for the design of the slab 
itself. To the writer’s knowledge, only two reports on composite beams with openings 
in flange available.
Investigation into the effects of openings in the web has been carried out by many 
researchers (Fahmy 1996; Verissimo 1998; Chung 2001; Park 2003; Lawson 2006;
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Wang. 2008). However, only a few of them were concerned with the performance of 
composite beams containing openings in composite beam flange. To the writer’s 
knowledge, the first study on composite beams with openings in the slab was carried 
out by Xiao et al. (1998) who modified the composite beam design equation (BS 
5950) to be implemented in design software. The ultimate bending resistance is 
calculated by subtracting the width of the openings from the effective width of the 
flange, which is termed, the net effective width method. The details of their work are 
described in Chapter 1.
Nie et al. (2006) reported experimental and theoretical study on composite beams with 
openings in the solid slab. Based on the test results and analyses, they proposed design 
equation on the moment reduction of a composite beam with the opening in a solid 
slab. Unlike Xiao et al. (Xiao 1998), they used regression analysis to find the 
reduction coefficient. The value calculated by using this method improved the 
accuracy of the net effective width method and the result agreed well with the test 
results. Nie et al. also reported the fact that, when the opening ratio 20%-50%, the 
composite beams exhibited a typical flexural failure mode, namely, the crushing of the 
concrete slab in compression, or the yielding of the steel beam in tension.
2.5 Composite beam with ‘full interaction9 and ‘partial 
interaction9
Composite beams with full interaction can exhibit full composite action and it is 
assumed that the slip between beam and slab is zero. Composite beams with partial 
shear interaction lack in strength to provide full composite action and are likely to fail 
at shear connection. Nowadays, partial shear connection is very common in composite 
beam design. This is because the full interaction is not always necessary when the 
strength of the composite section is greater than the required strength to satisfy 
applied service load. The composite beam interaction can be determined using plastic 
design. In plastic design, the shear connection is designed to resist the longitudinal 
shear force, transferred between concrete and steel. If each connector has the same 
resistance to shear and the number in each shear span is N, the degree of shear 
connection is defined as in Equation (2-7) (Chien 1984; Lawson 1990; Johnson 1994).
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N
k , = —  (2-7)
N f
Where,
ks = degree of shear connection
Nf = Number of connectors required for full shear connection
N — Number of connectors provided
The definition of degree of shear connection described above will be used through out 
this thesis.
2.6 Effective width of composite beam flange
A composite beam is composed of a series of T-beams that are interconnected so that 
the beam responds to different loads as a single unit. An effective flange width of a 
composite beam is the width of a slab deemed to be effective when calculating the 
composite sectional properties for strength and stiffness. A common approach in 
plastic design is to consider the effective width as a proportion of the beam span. EC4 
and BS 5950: Part 3 defines the effective width as span/8 on each side but not 
exceeding the actual slab width considered to act with each beam. Connection 
deformability in composite beams plays an important role in evaluating an effective 
width for stress analysis of steel-concrete composite beams (Amadio 2002). Effective 
widths specified by EC4 (span/4) will be used in this thesis for all models.
2.7 European Code EC4 (1994) and British Standard BS5950 
(1990)
Code provisions in BS5950 and EC4 are based on limit state design with loading 
factors and material safety factors. The ultimate moment is calculated from plastic 
stress distribution over the cross-section. Both design code considered the influence of 
deck shape on shear connection. The strength reduction factor relative to solid slab for 
decking placed transversely to beam adopted formula introduced by Grant et al.
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(1977). However in EC4, the coefficient 0.85 is reduced to 0.70 based on results from 
more recent test on European profiles.
EC4 and BS5950 used similar equation to calculate deflection of simple composite 
beam at working load, where partial shear connection is used, as given below;
8  .—  = 1 + 0 
8,
1- N_
Nr
* - 1
8,
(2 .8)
Where factor (p is taken as 0.5 for propped beams and 0.3 for unpropped beam, Sc and 
da are deflections of composite beam and steel beam respectively.
2.8 Alternative method to calculate deflection
Nie. J. et. al (2003) proposed an alternative method to calculate deflection of 
composite beam. They have derived formula to account for slip effects and shows 
significantly improved the accuracy of deflection when compared with available test 
result. The effective stiffness parameter of cross-section of composite beam including 
slip is given as below;
FIEIefr= - ^ ~  (2.9)
!f i+ #
The function of rigidity reduction factor as follows,
( \  I \ 
$ = (2 .10)
2 aL J
In equation (2.10), a and rj are two functions of cross-section of the member and 
stiffness of its shear connection. These are defined by following equation,
—  =  —  +  —  (2 . 11)
4, +  4
-Y  = d‘ +T -  <2-12>A A„
L = ~  + I, (2-13)n
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(2.14)
K
(2.15)
24 EIB
7? = ^ r r - (2.16)
In equation 2.14 and 2.15, shear connector stiffness not normally given in design 
codes. The stiffness of studs varies along the beam in terms of loading cases and 
boundary condition. Wang (1998) and Nie et. al (2003) has proposed the estimation 
value for shear connector stiffness as
Where
Ns = number of shear studs per row 
Pmax ~ design shear resistance of stud
2.9 Conclusions
First part of this chapter has presented a description of composite beams with a metal- 
ribbed decking. The development in the field of composite-beam construction is 
reviewed with special focus on the composite beam with metal-ribbed decking. A few 
of the experimental studies regarding push-off test and full-scale beam test have been 
reviewed. Even though some of the studies are rather old, the findings from those 
study are important and still be referred by many researchers and also has been 
adopted in current design codes. Most of the researches which involved laboratory 
testing were carried out between 1950’s and 1980’s. Since laboratory testing is very 
costly, starting in early 90’s, research has moved to the use of computer modelling to 
study the behaviour of composite beams. The technique used in computer modelling 
has been reviewed in this chapter. A special consideration is given to the modelling of 
connection between slab and beam.
(2.17)
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The objective of author research is to study the effect of openings in metal-ribbed 
decking slab to composite beam. There are not many researches in this field. The 
papers involved design concept and also only a few experiments on composite beam 
with solid slab. Further research is, therefore, needed to investigate the effect of 
openings in metal-ribbed decking of composite beam. The present study deal with 
finite element investigation with the main objective is to examine the effect of 
opening’s parameters on ultimate moment of composite beam.
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Chapter 3
MATERIAL MODELLING AND FINITE 
ELEMENT INPUT PARAMETER
3.1 Introduction
In finite element analysis, it is important to understand the constitutive relationships 
for material properties and failure modes of the model. In this study, the material 
properties for universal beam, shear stud, metal-ribbed decking, steel reinforcement, 
and concrete elements have been considered. General purpose finite element software, 
namely, ANSYS Ver.10, has been employed to carry out the analyses.
The first part of this chapter will review the analytical methods available and, the 
selection of the finite element method as an analytical tool will be discussed.
The second part of this chapter will describe the constitutive model for non-linear 
analyses, which is adopted throughout this thesis and is either standard or has been 
used by the others. This section will explain in detail, the plasticity theory, used in
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ANSYS. This will be followed by an examination of the constitutive model that was 
used for each material throughout this thesis. Finally, an explanation regarding the 
input data and ANSYS modelling will be provided.
The finite element analysis package, ANSYS (ANSYS Release 10) has several types 
of elements, suitable for numerical analysis. Amongst others, these elements are: two- 
dimensional elements (2-D), three-dimensional elements (3-D), 2-D and 3-D spar 
elements, beam elements, shell elements, and contact elements. The last section of this 
chapter will describe how different types of elements were selected.
3.2 Review of analytical methods
3.2.1 Classical partial interaction approach
Analysis of the influence of slip in composite beams (Newmark 1951; Johson 1975; 
Johson 1981; Yam 1981; Johnson 1991) has, in general, been based on an approach 
attributed to Newmark (1951). A second order differential equation, governing the 
behaviour of two elastic beam elements connected longitudinally by a linearly elastic 
connection, was derived and solved, in terms of either the resultant axial force or 
interface slip, and was substituted back into the basic equilibrium and compatibility 
equation. This equation was solved to give displacement and strains throughout the 
beam. These solutions were particularly relevant to traditional, concrete, steel 
composite construction.
This type of solution is suitable for simply-supported, single-span beams, subjected to 
loading. However, for composite beams with complicated boundary conditions, like in 
the case of the composite beam with openings (due to its discontinuities) proposed in 
this thesis, the use of this approach is not applicable.
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3.2.2 Classical folded plate approach
This approach is suitable for structures that can be idealised as a system of simply- 
supported, single-span plate elements. Various shapes of plates and degrees of 
curvature can be incorporated into the method. The approach was first developed by 
Goldberg and Leve (1957), which employed the classical two-way elasticity theory for 
determination of membrane stresses and the two-way slab theory, for determination of 
bending and twisting of the slabs from prismatic isotropic folded-plate structures. 
Wright (1988) programmed Johnson’s resulting equation for computer solutions and 
applied it to analyse single-span composite beams with metal-ribbed decking.
However, many practical structures lie outside the range of application of the 
elasticity method of folded-plate analysis. The presence of openings and complicated 
boundary conditions commonly found in practical situations cannot be analysed 
accurately by the elasticity method.
3.2.3 Numerical finite element method
In recent years, the finite element method has become widely accepted by the 
engineering profession as an extremely valuable method of analysis. Its application 
has enabled satisfactory solutions to many problems.
The finite element method represents the extension of matrix methods originally 
proposed for skeletal structures to the analysis of continuum. This method, the 
continuum is divided into a number of plate elements, interconnected at their comers 
only. This subdivision means that continuity requirements between adjacent elements 
are relaxed, except at their nodal points. However, the individual elements are 
constrained and deformed in specific patterns, due to the choice of a suitable function 
to represent the displacement of each element so that although continuity is only 
specified at the nodal points, the deflection of the edge of the elements is also 
controlled. Once the initial subdivision of the continuum has been carried out and the 
stiffness matrices of the individual elements have been established, the steps in the 
finite element method are identical to the conventional matrix method.
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A considerable amount of research into the use of the finite element method has been 
conducted by researchers such as Zienkiewicz (1965), Cheung (1964) and Argyris 
(1965) -  in the United Kingdom, and by Clough (1960, 1965), Melosh (1961) and 
many others in America. These studies have shown that accurate solutions for plane 
stress and plate bending problems can be obtained by this method. Furthermore, by 
combining the plane stress and plate flexure analyses, solutions for continuously- 
curved shell structures have also been established. Several researchers (Rockey 1967; 
Wegmuller and Amer H.N. 1975; Hamada 1977; Rockey 1983; Razaqpur 1989; Tan 
1989; Jiang 1997) have exploited finite element analysis in order to analyse composite 
construction, sandwich panels, folded-plate structures, stiffened plates or clad 
structures.
In this research, the non-linear, finite element method has been used for modelling the 
composite beam with metal-ribbed decking. Commercial, general-purpose, finite 
element software, namely, ANSYS Ver.10, has been used for all analyses in this 
thesis. The ANSYS pre-processing option supports on-screen modelling and offers 
excellent options, which model typical sections of the structures. Its post-processing 
option includes colour plots of stress and strain contours and the deformed shape of 
the model defined by three-dimensional displacement vectors.
3.3 Constitutive models
3.3.1 Introduction
Constitutive model adopted throughout the thesis are either standard or that used by 
the others. The following section gives details of about theory of plasticity and the 
theory of constitutive model. This section also gives the details for each of the 
material models used in the finite element model.
3.3.2 Steel beam and column
The von Mises yield criterion with multilinear isotropic hardening (MISO) is used to 
represent steel behaviour. The stress-strain relation used by Gattesco (Gattesco 1999) 
has been adopted for all models through out this thesis. Nonlinear equation in strain 
hardening branch up to ultimate stress is given in this model. The use of nonlinear 
curve will increase the degree of accuracy compared with linear curve.
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The relation is linearly elastic up to yielding as shown in Equation (3-33)
<7 = E ss s s (3-33)
and perfectly plactic between the elastic limit and beginning of strain hardening as 
shown in Equation (3-34)
^  s f s y (3-34)
After the perfectly plastic part, the curve will start to behave as strain hardening and 
follows the Equation (3-35)
(3.35)
where and f su are the yielding and ultimate tensile stress of steel component 
respectively ; ESh and sSh are the strain hardening modulus and strain hardening of the 
steel component, respectively. Strain at ultimate strength (8sU) is depending on steel 
ductility. Lower steel strength will give higher steel ductility. Total strain at fracture 
and the ratio of ultimate strength to yield strength should be at least 18 per cent and 
1.2, respectively (Hayward A. 2005). Factor k is defined as in Equation (3-36).
* = *'7 M  (3'36>\£Sh -0.16)
Value of kx is taken as 0.028 (Gattesco 1999). The complete stress strain curve is 
shown as in Figure 3.1.
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su
Figure 3.1: Stress-strain curve for steel beam
3.3.3 Concrete
The concrete slab behaviour is modelled by multilinear isotropic hardening 
relationship (MISO), using von Mises yield criterion coupled with an isotropic work 
hardening assumption; similar assumption has been made by Queiroz et.al (2006). To 
model the nonlinear behaviour of concrete slab, the equivalent uniaxial presentation 
for stress-strain curve of concrete is show in Figure. 3.2.
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Figure 3.2: Concrete stress-strain curve for concrete
The first part of stress-strain curve is assumed elastic. The value of the proportional 
limit stress is taken as 0.3(/y, the same value taken by Queiroz et. al.(2006) and 
Shanmugam et.al (2002). The compressive stress, f c, is equal to 0.78 (£«), where f cu is 
the compressive cube strength of concrete. The stress-strain curve is assumed 
parabolic from Point 3 to f c, at Point 4. This part of curve can be determined from 
Equations (3-37) and Equation (3-38) (Carreira 1985):
f c C
f c  =
f - l +
(3-37)
J V
32.4
+ 1.55 (3-38)
e' =2.4x10 (3-39)
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Where f ’c is the cylinder strength of concrete in MPa and e is the strain in concrete. 
The strain (e’c) at which the maximum compressive stress occurs, is taken as in 
Equation (3-39) (BSI 1997). Starting from the maximum stress at Point 4, the curve 
starts descending, which is the softening branch up to the ultimate strain of concrete at 
failure, ecu, at Point 5, taken as 0.0035 (BSI 1997). Equation (3-37) is able to simulate 
the ascending and descending branch of the stress-strain curve of concrete.
The poisson’s ratio of concrete is taken as 0.2 (Ellobody, 2006). The young’s modulus 
is reasonably calculated by the empirical Equation (3-40) (ACI, 2000).
£e =4730-/A (3-40)
In tension, the stress-strain curve for concrete is assumed linearly elastic up to 
ultimate tensile strength, at Point 1, as shown in Equation (3-41). Concrete cracks 
beyond this point and the strength decrease to zero (ANSYS Release 10) where,
/ /  =0.55777 (MPa)
fU
G> U —
£ '= 6 e ‘
(3-41)
(3-42)
(3-43)
The material model in ANSYS could predict failure of brittle materials. In ANSYS, 
the ‘TB, CONCR’ accesses this material model is available with the reinforced 
concrete element SOLID65. For failure surface criteria, two constants: ultimate tensile 
strength (ft4)  and ultimate compressive strength (ftc), need to be input under the ‘TB, 
CONCR’ command. The other three constants, ambient hydrostatic stress state ( a ah), 
ultimate compressive strength for a state of biaxial compression superimposed on 
hydrostatic stress state (fi) and ultimate compressive strength for a state of uniaxial 
compression superimposed on hydrostatic stress state (f2), default to William et al. 
(1975).
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One more constant to be input under the ‘TB, CONCR’ command is the concrete 
element shear-transfer coefficient (/?,). This is required to represents a shear strength 
reduction factor for subsequent loads that induce sliding (shear) across the crack face. 
The values range from 0 to 1, where 0 represents a smooth crack, meaning a complete 
loss of shear transfer, and 1 represents a rough crack meaning no loss of shear transfer. 
The amount of shear transfer across a crack can be varied between full-shear transfer 
and no-shear transfer at a crack section (Shah 1995).The concrete element shear- 
transfer coefficients assumed in this thesis are 0.2 for open crack and 0.3 for closed 
crack.
The last constant is the stiffness multiplier for the cracked condition. This constant is 
used as the stress relaxation coefficient, the device that helps accelerate convergence 
when cracking is imminent. The default value of 0.6 was used in this analysis.
3.3.4 Steel decking, shear stud and steel reinforcement
The shear stud, metal-ribbed decking and steel reinforcement were simulated using a 
bi-linear stress strain curve with the BISO option in ANSYS. Bilinear stress-strain 
curve is capable of representing elastic-perfectly plastic material behaviour, with 
equal yield stresses, fsy, in tension and compression as well as with the hardening 
option (Figure 3.3). The materials behave as linear elastic material, and becomes fully 
plastic or with strain hardening beyond this stage.
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a  ^
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Figure 3.3: Stress-strain curve for steel decking, shear stud and reinforcing bar
3.3.5 Convergence criteria
Like any other type of non-linear analysis the ANSYS programme performs a series 
of linear approximations with corrections. A convergence failure can indicate a 
physical instability in the structure or it can merely be the result of some numerical 
problem in the finite element model. Convergence criteria indicate to what extent an 
equilibrium state has been achieved. The programme will continue to do equilibrium 
iterations until the convergence criteria (CNVTOL) are satisfied. Several choices of 
convergence for successive iterations are offered in the ANSYS programme. The 
convergence of a solution can be controlled by tolerances based on forces, moments, 
displacements, or rotations, or on any combinations of these items. By default, the 
programme will check for force (and, when rotational degrees of freedom are active, 
moment) convergence by comparing the square root sum of the squares (SRSS) of the 
force imbalances against the product of SRSS of applied forces (or, for applied 
displacements, of the Newton-Raphson restoring forces) with tolerance. The value of 
tolerance used is between 0.005 and 0.001. Tighter convergence criteria will improve
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the accuracy of the results, but at the cost of more iteration and this is done by 
changing the tolerance value.
The force-based convergence serves as an absolute measurement of convergence, 
while displacement-based convergence provides only a relative measurement of 
apparent convergence. Additionally, for the modelling of a system including concrete 
elements, after crushing occurs at an integration point, the strain of concrete at that 
point increases intensely. This may invalidate displacement-based convergence 
checking. So, force convergence should always be employed and used as convergence 
checking. Consequently, the force-based convergence checking is adopted as the 
convergence criteria. The values of the criteria were determined for each particular 
model.
The ANSYS programme provides three different vector norms to use for convergence 
checking:
• The infinite norm repeats the single-DOF check at each DOF in the model.
• The LI norm compares the convergence criterion against the sum of the 
absolute values of force (and moment) imbalance for all DOFs.
• The L2 norm performs the convergence check using the square root sum of the 
squares of the force (and moment) imbalances for all DOFs. (Additional LI or 
L2 checking can be performed for a displacement convergence check.)
In all analysis in this thesis, L2-Norm of the force is considered. ANSYS also offer a 
few types of equation solvers which will help to overcome the convergence problem. 
However sparse direct solver has been used since it can minimize the memory used in 
solution process and capable to overcome convergence problem for the modeling used 
in this thesis.
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3.4 Element-type selection
3.4.1 Steel decking and steel beam.
Shell 143 has been chosen to model steel decking and steel beams. This type of 
element is well suited to model non-linear, flat or warped, thin-to-moderately-thick 
shell structures. The element is defined by four nodes. However triangular-shaped 
element also can be formed by defining the same nodes number, for example nodes K 
and L as shown in Figure 3.4. The geometry of the element is shown in Figure 3.4. 
The element has six degrees of freedom at each node: translation in x, y, and z 
directions; and rotations about the nodal x, y, and z axes. The deformation shapes are 
linear in both in-plane directions. For the out-of-plane, it uses a mixed interpolation of 
tensorial components.The element has plasticity, creep, stress stiffening, large 
deflection, and small strain capabilities. The flanges and web of beams and decking 
were modelled with this type of element.
K,L
Triangular Option
Figure 3.4: Shell 143 elements geometry; Alphabets I-L and the circled integers 
represent the nodes and element surfaces respectively (ANSYS Release 10)
3.4.2 Shear stud
SOLID45 was used for the 3D modelling of shear stud. The element is defined by 
eight nodes having three degrees of freedom at each node: translations in the nodal x, 
y, and z directions. The element is capable of orthotropic material properties by 
defining different properties in x-, y- and z-axis direction. The element has plasticity, 
creep, swelling, stress stiffening, large deflection, and large strain capabilities. The 
geometry of the element is shown in Figure 3.5.
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a 0
x
Figure 3.5: Solid 45 element geometry; Alphabets I-P and the circled integers 
represent the nodes and element surfaces respectively (ANSYS Release 10)
3.4.3 Concrete slab
simulate (Kachlakev 2001). 3D solid element, namely SOLID65 was chosen to 
simulate the concrete slab since only this element was available in ANSYS to support 
the concrete model. The element has eight nodes with three degrees of freedom 
(translations) at each node. The element is capable of cracking, crushing, plastic 
deformation and creep. The geometry of the element is shown in Figure 3.6.
Figure 3.6: Solid65 element geometry; Alphabets I-P and the circled integers represent 
the nodes and element surfaces respectively (ANSYS Release 10)
Concrete is assumed to be isotropic material prior to cracking and is difficult to
D ©
J
K
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3.4.4 Interaction element
• TARGE 170
The contact and target surfaces constitute a ’Contact Pair’. TARGE 170 is used to 
represent various 3D target surfaces for the associated contact elements 
(CONTA173). The contact elements themselves overlay the solid elements 
describing the boundary of a deformable body that is potentially in contact with 
the rigid target surface, defined by TARGE170. Hence, a ‘target’ is simply a 
geometric entity in space that senses and responds when one or more contact 
elements move into a target segment element. Each target segment is a single 
element with a specific shape or segment type. The reaction forces on the entire 
rigid target surface are obtained by summing all the nodal forces of the associated 
contact elements.
• CONTA173
CONTA173 is defined as a 3D 4-node surface-to-surface contact element that is 
used to represent contact and sliding between 3D ‘target’ surfaces (TARGE 170) 
and a deformable surface. This element is located on the surfaces of 3D solid or 
shell elements without mid-side nodes. It has the same geometric characteristics as 
the solid or shell element face. Contact occurs when the element surface penetrates 
one of the target segment elements (TARGE 170) on a specified target surface. 
Coulomb and shear stress friction is allowed. The element is defined by four nodes 
(the underlying solid or shell element has no mid-side nodes).
Composite beam with opening in metal-ribbed decking slab 41
Chapter J: Material Modelling ana rim te Element input rarameter
3.4.5 Reinforcement bar
LINK8 is 3D bar element and is an uniaxial tension-compression element with three 
degrees of freedom at each node: translations in the nodal x, y, and z directions. The 
element is defined by two nodes, cross-sectional area, initial strain, and material 
properties. The initial strain in the element is given by A/L, where A is the difference 
between the element length, L, (as defined by I and J node locations) and zero strain 
length. The geometry of the elements is shown in Figure 3.7.
3.5 Summary
This chapter presented the concept of selected numerical analysis, finite element and 
material constitutive model used in the analysis. General-purpose finite element 
software ANSYS version 10, was selected for the modelling and the analysis. Details 
of selected element types used in the modelling were also explained.
z
Y
Figure 3.7: LINK8 spar element geometry (ANSYS Release 10)
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Chapter 4
NUMERICAL SIMULATION AND VALIDATION
4.1 Introduction
The primary objective of this chapter is to develop non-linear finite element model of 
composite beam formed with metal-ribbed decking and through deck welded shear 
stud. General-purpose finite element software, namely, ANSYS Ver.10 was used to 
conduct the analyses. This chapter highlighted the numerical simulations of 
experiments conducted by other researchers and this will pave the way for the 
parametric simulations in this and next chapters. To serve as a guideline for the 
development of a finite element model (FEM), the first part of this chapter reviews the 
current research and knowledge-base for the FE modelling of composite beams.
This is followed by a verification study. The modelling of headed shear stud is 
important in simulating the shear interaction between steel beam and composite slab. 
The technique used in modelling the headed shear stud in composite beam will be 
introduced. Then the proposed model is analysed to compare the results with the 
corresponding test results.
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Finally, in order to find out the factors that have the most influence on the behaviour 
of composite beams with metal-ribbed decking using a proposed technique. A 
parametric investigation took place, using the FEM to study the effects of concrete 
compressive strength, beam interaction, type of decking, steel decking thickness and 
steel decking yield stress on composite beams.
4.2 Review on finite element modelling of composite beams with 
partial interaction
The analysis of composite beam with partial shear interaction is very complex. Most 
of the relevant, advanced models of partial interaction analysis of composite slabs and 
beams, which account for geometric and numerical non-linearities, are based on non­
linear, numerical methods of finite elements (Fabbrocino 1999; Gattesco 1999; 
Queiroz 2006; Fahmy 2008), finite difference (Roberts 1985) or finite strip (Plank 
1974; Uy 1994) methods.
Most of the researchers who have investigated the behaviour of composite beams 
using three-dimensional FEMs (Sun 2005; Queiroz 2006; Fahmy 2008) use a non­
linear spring element to simulate the shear stud and the interaction between the slab 
and steel beam. However, to use spring element, actual load-slip relation needs to be 
obtained from the push-off test before the analysis. Furthermore, shear stud in 
composite beam may behave differently, depending on their position. Due to this 
reasons, in this chapter, 3D FE modelling of headed shear stud is proposed to be 
implemented in composite beam modelling and will be explained in detail in the next 
section.
4.3 Verification Study of Composite beam
4.3.1 General
For a successful numerical model of composite beam, all different components 
associated with the composite beams must be properly presented. The components of
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a composite beam with metal-ribbed decking are: composite slab with metal-ribbed 
decking, shear stud and steel beam.
In this section, the numerical model combining all composite beam components 
(metal-ribbed decking slab, steel beam and headed shear stud) will be established. 
Furthermore, the implementation of shear stud modelling in the composite beams will 
be presented with partial interaction accounted. This interaction can vary for 
parametric study purpose.
The FEM developed will be used to investigate the behaviour of composite beams 
with partial interaction. Ultimate moment and moment-deflection curve obtained from 
the analyses will be used to investigate the effects of openings in the flange of 
composite beams. The study will be presented in the next chapter.
4.3.2 Review on full-scale test of composite beams with metal-ribbed decking
Full-scale test on composite beams carried out by Nie et al. (2005) were selected to 
validate the FEM. These composite beams have been analysed by the proposed finite 
element. The composite beams had transverse orientation of deck ribs on them. All 
composite beams tested were of single span and simply-supported. The arrangement 
for the tests is shown in Appendix A.
Five, full-scale composite beams (SB1 to SB5) were tested by Nie et al. (2005), who 
used metal-ribbed decking of 1.0 mm thick. Two types of decking narrow-ribbed and 
wide-ribbed have been used. The arrangements for the tests are shown in Appendix E. 
Composite beams of 3.9 m span with 0.8 m wide and 105 mm deep slab, were used. 
Concrete in the composite slabs had different cube strengths. The steel beam was I- 
section (I20a) with: total depth = 200 mm, flange =100 mm wide and 11.4 mm thick, 
and web = 177.2 deep mm and 7 mm thick. The shear studs were 19 mm in diameter 
and 90 mm in height, spaced at 390 mm, welded on the top flange of the steel beams 
through the profiled steel sheeting. The parameters of the specimens is summarised in 
Table 4.1.
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Table 4.1: Details of composite beams parameter
Beam
Model
Span
(m)
Slab width 
(m)
Stud per rib Metal decking 
classification
Degree of shear 
interaction ks (%)
SB1 4.0 0.8 1 Wide-ribbed 47
SB2 4.0 0.8 2 Wide-ribbed 67
SB3 4.0 0.8 2 Wide-ribbed 67
SB4 4.0 0.8 1 Narrow-ribbed 32
SB5 4.0 0.8 2 Narrow-ribbed 44
4.3.3 Modelling of composite beams with partial interaction
The experimental study was undertaken by Nie et al. (2005) have been analysed by the 
proposed finite element method. In this part, solid element to model headed shear stud 
in composite beam was proposed. The solid element was used to connect the top 
flange of steel beam and meta-ribbed decking slab to represent the shear stud. The 
composite beam was modelled with a small gap between the top flange of steel beam 
and metal-ribbed decking in order to simulate contact area.
It was observed by Jayas et al. (1988), Johnson et al. (1981) and Kim et al. (2001) that 
separation of concrete behind the shear connector occurred even at low load levels. 
Based on this observation, in FE model, the nodes behind the shear stud from 
surrounding concrete (in the direction of the load) has been detached. The same 
approach was used by Ellobody et al. (2006), Lam et al. (2005), Kim et al. (2001) and 
Kalfas et al. (1997). Figure 4.1 shows the detached nodes in proposed FE model. The 
nodes are detached from the surrounding concrete nodes with the other nodes of shear 
stud and the location is shown in Figure 4.1 (marked with a red line). Same nodes for 
the top surface of shear stud and concrete were used since it is assumed that the headed 
shear stud has sufficient resistance to uplift. This is shown in Figure 4.1 (mark with 
green line). In simulation, direction of loading is similar to direction of concrete slip as 
show in Figure 4.1.
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Loading direction
Same node for
thear stud head 
and concrete
Undetached shear_ 
stud nodes and 
concrete nodes
'Sam e node for 
Shear stud and 
steel beam
Interface
Figure 4.1: Shear stud m odelling in com posite beam
The com bination o f  com ponents in com posite beam is shown in Figure 4.2. The first 
horizontal crack occurred in the concrete through, was located near the support o f  the 
com posite beams, when the load reached 0.6 to 0.7 o f  ultimate load (Nie. J. 2008). 
Therefore, it is assumed that separation o f  profiled steel sheeting from the concrete 
slab at a certain load level has little effect on the concrete slab. A sim ilar assum ption 
was also made by other researchers (Kim 2001; Ellobody 2006; Q ueiroz 2006; Fahmy 
2008). Hence, the same nodes were used for metal ribbed-decking and for the 
concrete. The same value o f  yield stress for steel beams, concrete and shear studs, 
which were defined in the experim ent, was also used in the m odelling o f  com posite 
beams.
Concrete slab
C oncrete elem ent
Shear
stud
Shear 
/  stud /  Steel beam 
elem ent
Steel Z  
Beam
Figure 4.2: Finite elem ent idealisation
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Interaction between metal-ribbed decking and steel beams is not fully bonding. Due to 
this reason, surface to surface contact element was used as an interface element 
between the steel decking and the steel beam to prevent any penetration of steel 
decking with the steel beam. Modelling based on interaction between two materials 
has been used in conjunction with surface interaction technique available in ANSYS. 
Direct nodal connection between steel element and steel decking elements was 
avoided in this technique and, slip between the two surfaces with a predefined 
allowable tensile and frictional stresses was allowed. The location of the interface 
element is shown in Figure 4.1. A 3D contact pair element, namely CONTA173 and 
TARGE 170 were used as a contact element. A brief description about the elements 
was outlined in the Chapter 3.
All contact problems require stiffness between the two contact surfaces. The amount 
of penetration between two surfaces can be controlled by this stiffness. There were 
twenty-six real constants available for the elements. However, only FKN (normal 
penalty stiffness factor), FTLON (penetration tolerance factor) and FKT (tangent 
penalty stiffness) needed to be defined, since the aim was to prevent penetration. The 
stiffness factor needed to be defined; had a range between 0.001 and 1.0. A smaller 
value provides for easier convergence but more penetration. The FKN and FTLON 
factors were adjusted to control the penetration. The pilot model was run to select the 
appropriate factor, which gave better results in preventing penetration. Factors of 1.0 
for the FKN and 0.01 for FTLON were selected. For FKT, the factor of 0.1 was used 
as this model permitted sliding. The same factor values were used for all composite 
beam models.
4.3.4 Boundary conditions
Symmetry of the composite beams is taken into account by modelling only one half of 
the beam span. All nodes of the concrete, profiled steel sheeting and steel beam which 
lie on the surface of symmetry at the mid span position are restrained from moving in 
the x-axis direction. All nodes for the steel beam which lie along the line of the 
symmetry also are restrained from rotation (y and z axis) because of symmetry. A 
typical finite element model and the boundary conditions are shown in Figure 4.3.
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Figure 4.3: Com posite beam with metal-ribbed decking FE model
4.3.5 Application of load
Concentrated loads are incrementally applied to the model by m eans o f  an equivalent 
displacem ent to overcom e convergence problems and the sim ilar technique has been 
used by Q ueiroz (2006). For load other than concentrated load, the associated error is 
controlled by com parison between applied forces and reaction forces.
4.3.6 Convergence study
Convergence studies were carried out. Three different types o f  mesh were used to 
asses the sensitivity o f  the results to mesh refinem ent for the com posite beams model, 
as shown in Figure 4.4. The finer mesh, model S I, consisted o f  three layers o f  solid
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elem ents for concrete above top o f  ribs o f m etal-ribbed decking, whilst for the 
concrete rib, four layers o f  solid elem ents were used. The m edium  mesh, model S2, 
consisted o f  three layers o f  solid elem ents for the concrete above top o f  ribs o f  metal- 
ribbed decking, w hilst three layers o f  solid elem ents were used in the concrete rib. The 
final model (S3) considered as coarse mesh had two layers o f  solid elem ents for 
concrete above top o f  ribs o f  m etal-ribbed decking and two layers o f  solid elem ents in 
the concrete rib. The three m eshes are shown in Figure 4.4.
M odel S2- M edium meshM odel SI - Fine mesh
— rr< 1 1|-W
Model S3- Coarse mesh 
Figure 4.4: The Finite elem ent mesh for convergence study
The load-deflection curves corresponding to each o f  the m eshes were plotted and 
compared as shown in Figure 4.5. Use o f  the coarse mesh (S3) predicted a higher load 
than the medium and fine mesh; the load limit for the m edium  and fine m eshes was 
quite close. However, the fine mesh (S I) was more com plex and involved longer time 
to converge com pared to the medium mesh. Fine and medium mesh (S2) was used for 
the analysis depending on the geometry o f  the com posite beams; however, the 
medium mesh was used in most cases.
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Figure 4.5: Load-deflection curve o f  com posite beams m odels for convergence study
4.3.7 Verification of finite element models
To verify the accuracy o f  the proposed m odelling approach, five o f  the full-scale 
experimental beams reported in the literature were analyzed and the analytical result 
com pared with the experim ental results for each case. The param eters used in the 
m odelling are summarized in Table 4.2 to Table 4.4.
Specim ens designated as SB1 to SB5 were reported by Nie. et. al (2005). The degree 
o f  shear connection ks was varied from 0 .3 15 to 0.666 as defined by EC4 (BSI 1990) 
specifications, with one or two studs being welded in each trough o f  the sheeting.
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Table 4.2: Composite beams parameter
Beam
Model
Span
(m)
Slab
width
(m)
Stud
per
rib
Total
studs
Degree of 
shear 
interaction, ks
(EC4) (%)
Steel 
beam 
serial size 
(Fig.4.7)
Type of 
decking 
(Fig. 4.6)
SB1 4.0 1.0 1 9 49 I20a B
SB2 4.0 1.0 2 18 64 I20a B
SB3 4.0 1.0 2 18 69 I20a B
SB4 4.0 1.0 1 9 32 I20a A
SB5 4.0 1.0 2 18 47 I20a A
n 60f 60r
i i 
i
i i 1 i i
V  ►'
• 30 70 ' 30 ' 70 30 * 70 '
Type A Type B
! i i t
! *  105 67 * *  105 * !
TypeC
Figure 4.6: Metal-ribbed decking dimensions, unit in mm (not to scale)
<---------------- ►
1 1
7.0 ^ « _
11.4
1
Figure 4.7: Steel beam (I20a) dimensions, unit in mm (not to scale)
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Table 4.3: Material properties for concrete and steel beam used in finite element 
________ ________  _____  modeling __________________________
Model Concrete Steel Beam
/cu
(MPa)
/c(MPa) Ec (MPa) Vc fys
(MPa)
fyu (MPa) vs
SB1 43.6 31.68 2.97 xlO4 0.2 291 371.2 0.3
SB2 47.3 34.36 2.77 xlO4 0.2 291 371.2 0.3
SB3 43.5 31.60 2.66 xlO4 0.2 291 371.2 0.3
SB4 43.4 31.53 2.66 xlO4 0.2 291 371.2 0.3
SB5 42.9 31.17 2.64 xlO4 0.2 291 371.2 0.3
Table 4.4: Material properties for steel decking and shear stud considered for 
____________________ finite element modeling
Model Steel Decking Shear Stud
fyp
(MPa)
vp
(MPa)
y^p
(MPa)
/«
(MPa)
Vu
(MPa) Es (MPa)
SB1 280 0.3 2.1 x 10" 480 0.3 2.0 x 105
SB2 280 0.3 2.1 x 10" 480 0.3 2.0 x 10"
SB3 280 0.3 2.1 x 105 480 0.3 2.0 x 10s
SB4 280 0.3 2.1 x 105 480 0.3 2.0 x 105
SB5 280 0.3 2.1 xlO" 480 0.3 2.0 x 10"
4.3.8 Comparison of load-deflection curve
In order to study the suitability of the non-linear finite element model, key design 
parameters such as load-deflection response and ultimate load behaviour, predicted by 
the non-linear finite element model, were compared with the experimental data. 
Figures 4.8 to 4.12 show the load-deflection curves the experimental and the finite.
The load-deflection behaviour results obtained from the analyses are similar to the 
corresponding experimental curves in all cases. It was observed that all beams in the 
experimental tests showed softening behaviour in the load-deflection curve; the 
modelling technique could also simulate this behaviour. It was seen that there were 
some differences in the softening sections, where the analytical curve deviated away 
from the experimental result. This was due to the concrete material modelling used in 
the finite element analysis (FEA). Nevertheless the models were also able to simulate 
closely the transition between linear and non-linear behaviour of the composite 
beams.
Composite beam with opening in metal-ribbed decking slab 56
cnapier •+: i\umericui airnuiuiiuri ana v uiiuuiiuri
200
180
160
140
120
-o 100
Test- Nie J. 
(2005)
FEM-SB1
20 40 60
Central Deflection (mm)
100
Figure 4.8: Com parison o f  moment-deflection curve o f  com posite beam (SB1) 
between experim ental test result and finite elem ent prediction.
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Figure 4.9: Com parison o f  m om ent-deflection curve o f  com posite beam (SB2) 
between experim ental test result and finite element prediction
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Figure 4.10: Com parison o f  m om ent-deflection curve o f  com posite beam (SB3) 
between experim ental test result and finite elem ent prediction
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Figure 4.11: Com parison o f  m om ent-deflection curve o f  com posite beam (SB4) 
between experim ental test result and finite elem ent prediction
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Figure 4 .12: Com parison o f  load-deflection curve o f  com posite beam (SB5) between 
experim ental test result and Finite elem ent prediction
The non-linear finite elem ent predictions for the ultim ate load capacity seen to differ 
by -8% to 6% com pared to the experim ental results, as shown in Table 4.5. It can be 
observed that, in most cases, the finite element method overestim ates the ultim ate load 
compared to the experim ental results except for model SB2. The differences are 
within allowable variation o f  15%, (ASCE 1984; AISI 1996) in structural testing.
The ultimate m om ent o f  com posite beams can be defined by calculating the load- 
deflection curve. The ultimate m om ent Mee obtained from the FE analyses are 
compared with flexural strength Mec4 predicted by Eurocode 4 (2004) specifications 
for com posite beam with a partial shear connection (Table 4.5). The plastic m om ents 
and design strength are calculated using the m easured material properties shown in 
Table 4.2 to Table 4.4. The design strengths predicted by Eurocode 4 are conservative 
for most cases with l%  to 8% difference compared to FE method.
Therefore, the non-linear finite element modelling can be used in design w ithout any 
loss o f  accuracy or o f  being too overestim ate or conservative. C onsidering the extent
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of the assumptions and simplification made in numerical modelling, the result is 
satisfactory and can be used in the design of composite beams.
Table 4.5: Comparison of ultimate moment between experimental, Finite
Element and EC4
Specimen Mu (Test) 
(kN.m)
M fE
(kN.m)
M u/  M fe M eC4
(e q u iv a le n t
m e th o d )
M eC4/  M fe
SB1 143.5 146.89 0.98 140.07 0.95
SB2 175.6 169.95 1.06 156.41 0.94
SB3 160.9 169.01 0.95 155.64 0.92
SB4 119.5 128.07 0.93 125.93 0.98
SB5 132.5 144.14 0.92 137.68 0.96
4.3.9 Mode of failure for composite beams
The ultimate moment capacity of composite beams depends on the degree of shear 
connection, the compressive resistance of concrete slab and steel beam (where the 
neutral axis falls within steel section), and the tensile resistance of the steel beam 
section. Three flexural modes of failure exist (Chien 1984), shear connection failure, 
crushing of the concrete, and full yielding of the steel beam section. In FE analysis, 
the mode of failure can be defined by plotting the yielding sequence (stress versus 
central deflection) of composite beam components (concrete and shear stud). In this 
sequence, if the stud yielding point is located before the concrete crushing point, then 
the mode of failure of the composite beams is considered as stud failure. Conversely, 
if the stud yielding point is located after the concrete crushing point, the mode of 
failure is assumed to be concrete crushing. The FE contour stress also can be used to 
confirm the failure mode. In FE modelling, when crushing of concrete and shear studs 
occur, this will cause the steel beam sections to reach their ultimate stress and will 
cause a large deflection prior to failure. While, the failure modes from experimental 
observation are described in details by Nie et. al. (2005). A typical mode of failure 
from experimental and FE analysis was compared in Appendix A.
Figure 4.13 to figure 4.17 show the yielding sequence for the composite beams 
components, SB1 to SB5. The yielding sequence of composite beam components was
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obtained by plotting the stress-deform ation curve and observation from stress contours 
obtained from FE analysis as shown in Appendix B to A ppendix F. The beams SB1, 
SB4 and SB5 failed due to shear stud since the yielding o f  shear studs occur before the 
concrete reached its com pressive strength. This was also confirm ed by the 
experim ental observation where some shear studs were found broken (Nie et. al; 
2005). Beams SB2 and SB3 failed due to concrete crushing, since the concrete 
crushing occurred before the shear stud yielding. This mode o f  failure also occurred in 
the experim ental test where the concrete had crushed at the central o f  slab (Nie et. al; 
2005). Concrete crushing failure occurred in the com posite beam SB2 and SB3 
because both beams had higher degree o f  interaction (m ore than 50% ) com pared to 
other beams (less than 50%). The calculations o f  shear stud interaction are based on 
EC4 (2004). At the final load, for all FE models, the steel section had reached the 
ultimate stress.
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Figure 4.13: Sequence o f  failure point for com posite beam s (SB1)
Composite beam with opening in metal-ribbed decking slab 61
Chapter 4: Numerical Simulation and Validation
1
! i
i 1
c45agoI■os
200
180
60
40
120
00
80
60
40
20
0
s '
■
•.
— FEM-SB2
, 1 1 ■  Shear stud vie d i n a  d c 5 i n t
D  rConcrete crushing point
; i ! .(
^  (
0 20 40 60 80 100 120 140 160 180
Central Deflection (nm)
Figure 4.14: Sequence o f  failure point for com posite beams (SB2)
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Figure 4.15: Sequence o f  failure point for com posite beam s (SB3)
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Figure 4.16: Sequence o f  failure point for com posite beams (SB4)
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Figure 4.17: Sequence o f  failure point for com posite beams (SB5)
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4.4 Finite element model of metal-ribbed decking composite beams 
without openings
4.4.1 Introduction
This section is focused on the modelling of nines 3D FEMs of composite beam 
without openings which were used to compare with composite beam with openings in 
Chapter 5. The parametric studies also were carried out to study the major parameter 
affecting the load carrying capacity of composite beam. Nine simply-supported 
composite beams were analysed in three groups. The group were classified as A, B 
and C, based on their decking shape as shown in Figure 4.6. The groups were also 
classified by their concrete strength. Decking-shape B and C were classified as wide- 
rib, while decking-shape A was classified as narrow-rib. The classification was based 
on BS 5950 (Hayward; 2002). Parameters of the models used in the parametric study 
are shown in Table 4.6 to Table 4.8.
Table 4.6: Composite beams model parameter for model Al to A3
Model L
(mm)
B
(mm)
Ds
(mm)
Dp
(mm)
f c
(MPa)
k s
(%)
Decking 
Shape 
(Ref. Fig. 4.6)
Al 4000 1 0 0 0 105 60 43.4 51 A
A2 4000 1 0 0 0 105 60 26 6 8 A
A3 4000 1 0 0 0 105 60 35 61 A
Table 4.7: Composite beams model parameter for model B1 to B3
Model L
(mm)
B
(mm)
Ds
(mm)
Dp
(mm)
f c
(MPa)
kg
(%)
Decking 
Shape 
(Ref. Fig. 4.6)
B1 4000 1 0 0 0 105 60 43.4 76 B
B2 4000 1 0 0 0 105 60 26 100 B
B3 4000 1 0 0 0 105 60 35 91 B
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Table 4.8: Composite beams model parameter for model C l to C3
Model L
(mm)
B
(mm)
Ds
(mm)
Dp
(mm)
f c
(MPa)
k s
(%)
Decking 
Shape 
(Ref. Fig 4.6)
Cl 4000 1 0 0 0 105 46 43.4 54 C
C2 4000 1 0 0 0 105 46 26 71 C
C3 4000 1 0 0 0 105 46 35 63 C
For steel beam properties, elongation at ultimate load and the ratio of ultimate strength 
to yield strength is taken as 15% and 1.2, respectively. Material properties for steel 
beams, steel decking and shear studs are shown in Table 4.9 and were used in the FE 
analyses. All models consisted of shear stud with 19 mm in diameter and 95 mm in 
height. The steel beam section, with serial number 203x33xUB30, was used for all 
beams. Figure 4.18 shows the steel beam dimension. The thickness of the solid part of 
the concrete slab was kept constant at 105 mm, while the height of the ribs was varied 
depending on their decking shape. The other variables considered were concrete 
strength and degree of shear interaction.
Table 4.9: Material properties for steel beam, steel decking and shear stud 
considered for finite element modeling
Material f y vp (MPa) E s (MPa)
Steel beam 300 0.3 2.06 x 1 0"
Steel
decking
280 0.3 2 .1 x 1 0"
Shear stud 450 0.3 2 .0 x 1 0"
<-------- -------►
1 1
6.3
1 1
Figure 4.18: Steel beam (203xl33xUB30) dimension, unit in mm (not to scale)
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4.4.2 Result and Discussion
4.4.2.1 General
Figures 4.19 to 4.21 show the m om ent-deflection curves for classified model A, B and 
C. base on their decking shape.
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A2 (fcu=26 MPa, ks=68%)
40
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Figure 4 .19: M om ent-deflection curve o f  com posite beams for model A l to A3
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Figure 4.20: M om ent-deflection curve o f  com posite beams for model B1 to B3
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Figure 4.21: M om ent-deflection curve o f  com posite beams for model C l to C3
Generally, numerical mom ent-deflection curves are linear up to the first yield load 
about 90 kN, 150 kN and 100 kN for decking type A, B and C, respectively and its 
becomes non-linear thereafter. For sim ilar concrete cube strength, Decking type B and 
C has higher ultimate load com pared to decking type C. Models A l and C l has lower 
degree o f  interaction, 51% and 54%, respectively. It can be observed from Figure 4.21 
to figure 4.22, all m odels failed due to flexural mode o f  failure since concrete crushing 
point located before shear stud yielding point. Y ielding sequence and stress contours 
o f  com posite beam com ponents for beam A l, B1 and C l obtained from FE analyses 
are shown in A ppendix G to Appendix I. It can be concluded that com posite beam 
with more than 50% degree o f  shear interaction used in this study failed due to 
flexural mode o f  failure.
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Figure 4.22: Sequence o f  failure point for com posite beams (A l)
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Figure 4.23: Sequence o f  failure point for com posite beam s (B l)
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Figure 4.24: Sequence o f  failure point for com posite beam s (C 1)
The ultimate m om ent o f  com posite beam data obtained from FE analysis were 
compared with design method. The bending strength can be calculated by an 
equivalent method proposed by Eurocode 4 (2004) and BS5950 (1990). The 
com parisons o f  ultimate m om ent obtained from the FE analysis with flexural strength 
predicted by Eurocode 4 and BS5950 is shown in Table 4.10. In the table, M EE is 
ultimate moment obtained from numerical analysis. While, M EC4 and M Es595o are 
moment capacity calculated using plastic analysis as recom m ended by European Code
M
and British Standard, respectively. From — —  ratio, it can be observed that the
m fe
finite elem ent results overestim ate the moment capacity averagely 5%, when
M
compared with Eurocode 4 prediction. However from — Ms?9?0 ratio, the deviation o f
two values obtained from finite elem ent and BS5950 prediction is between +1%  to - 
3%. However the different is considered small. In view o f  the m aterial and 
geometrical nonlinearity involved in FE modelling, the finite elem ent m odelling can 
be considered accurate for design purpose. Furthermore, the Eurocode 4 design may 
be conservative com pared to BS 5950. Eurocode 4 have introduced reduction factor 
0.70, in calculating a reduction factor for deck shape compared with 0.85 in BS 5950.
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Table 4.10: Comparison of ultimate moment between finite element, EC4 and
BS5950
Specimen MfE
(kN.m)
MeC4
(equivalent
method)
M EC4
M fe
MBS5950
(kN.m)
M bS59S0 
M  fe
Al 169.55 152.87 0.90 164.05 0.97
A2 152.19 142.61 0.94 153.40 1.01
A3 159.12 150.38 0.95 160.22 1.01
B1 185.96 171.45 0.92 185.33 1 .0 0
B2 169.74 156.06 0.92 168.11 0.99
B3 176.18 167.17 0.95 178.57 1.01
Cl 183.89 166.61 0.91 180.02 0.98
C2 167.13 152.64 0.91 164.73 0.99
C3 172.28 162.87 0.95 169.87 0.99
4.4.2.2 Concrete compressive strength
The effect of changing the compressive strength of the concrete was investigated. 
Models numbered with 1 (Al, B1 and Cl) had higher compressive strengths with 43.3 
MPa compared to models with the numbers 2 (A2, B2 and C2) and 3 (A3, B3 and C3) 
with compressive strength 26 MPa and 35 MPa, respectively. A comparison of the 
moment-deflection curves is shown in Figures 4.19 to 4.21. The results show that, by 
increasing the concrete compressive strength from 26 MPa to 43.3 MPa, (a 40% 
increment) increased ultimate moment of composite beams with metal decking was 
approximately 9% to 11%. This also has been proved by design calculation of 
Eurocode 4, where the moment capacity was increased by 7% to 10%. The significant 
increment is due to plastic neutral axis lies within steel beam and this caused all of 
concrete section act as compressive forces. These will subsequently increase the 
moment capacity of composite beam by increasing the concrete compressive strength.
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4.4.2.3 Beam interaction
In this parametric study the shear connection interaction is varied between 51% and 
100%. Increasing beam interaction improved the stiffness and load carrying capacity 
of the composite beams with metal-ribbed decking. This was observed from the 
comparison of moment-deflection curve between models Al, A2 and A3, Bl, B2 and 
B3, and Cl, C2 and C3, as shown in Figures 4.19 to 4.21. The increment of moment 
capacity is because of the full strength of concrete can be achieved with the higher 
degree of shear connector.
4.4.2.4 Type of decking
Three types of decking were used for this study, which were A, B and C. The 
comparison of the moment-deflection curve for different shapes of decking is shown 
in Figure 4.25. For A and B type, the decking height was 60 mm; were only different 
is in their ribbed width. The used of wide-rib, B type (Bl), compared to narrow-rib, A 
type (Al), increased the stiffness and ultimate moment of the composite beams. The 
decking, C type was 46 mm high and had a wide-rib classification. Although the beam 
Al used higher metal-ribbed decking compared to beam Cl, beam Cl was stiffer and 
had a larger ultimate moment capacity due to its wide-rib effect, see Figure 4.25. 
Shear resistance of shear connector in ribbed metal decking normally lower than in a 
solid slab. Shear resistance of shear connector in narrow-rib reduced more compared 
to wider-rib. This will subsequently reduced a percentage of shear connector 
interaction. Due to this reasons, A type decking has lower moment capacity compared 
to B type and C type. This is proved by a calculation of moment capacity using a 
design method as shown in Table 4.9. In the design method, Eurocode 4 and BS 5950, 
have specifies reduction factors due to this effect. These factors are based on formulae 
developed by Grant et. al (1997) as has been described in literature review.
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A1 (fcu=43.4 MPa, ks=51%) 
B1 (fcu=43.4 MPa, ks=76%) 
C1 (fcu=43.4 MPa, ks=54%)
20 30 40 50 60
Central Deflection (mm)
Figure 4.25: M om ent-deflection curve com parison o f  com posite beam s for different
type o f decking.
4.4.2.5 Metal-ribbed decking thickness and yield stress
The effect o f  changing the thickness and yield strength o f  the m etal-ribbed decking 
was investigated in relation to central load only. Beam A l was used to study this 
effect. Com parison o f  the m om ent-deflection results is shown in Figure 4.26 and 
Figure 4.27. The results show that increased thickness and yield strength o f  ribbed 
decking will not improved the stiffness and capacity o f  the com posite beams. Metal 
decking can be considered as orthotropic material due to its geom etry. Since the 
investigation only focusing on the com posite slab perpendicular to steel beam, the 
steel decking do not have tensile strength in the parallel direction to steel beam. Due 
to this reason, the steel decking thickness and yield strength do not have an effect to 
composite beam strength.
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Figure 4.26: M om ent-deflection curve comparison o f com posite beam s for different
decking thickness
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Figure 4.27: M om ent-deflection curve comparison o f  com posite beam s for different
yield stress o f  steel decking
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4.4.2.6 Deflection of composite beam
Deflection of composite beam measured from FE analysis is compared with the value 
calculated according to Eurocode 4 (2004). Comparison of deflection value obtained 
from FE analysis and calculated value is shown in Table 4.11. The values obtained 
from finite element analysis 8 f e m  for corresponding load are higher than the values of 
8 ec4 calculated by design method. This is because in linear range, finite element 
analysis ignores the stiffness of concrete behind the shear stud.
Table 4.11: Comparison of deflection
Specimen Service Load (kN) 5f e m  (mm) 5 ec4 (mm) 3  EC 4
^ F E
Al 70 7.78 6.09 0.78
A2 60 6.80 4.95 0.73
A3 65 7.50 5.47 0.73
Bl 95 8.00 7.01 0.88
B2 90 8.10 5.97 0.74
B3 95 8.30 6.73 0.81
Cl 80 7.88 6.82 0.87
C2 70 7.10 5.67 0.80
C3 75 7.50 6.23 0.83
4.5 Conclusion
This chapter was divided into two sections. In the first sections, details of the FEM 
were presented. The three-dimensional FEM technique of composite beams with 
metal-ribbed decking was discussed. Most researchers used spring element to simulate 
shear stud interaction in composite beam modelling. Used of 3D shear stud modelling 
technique was proposed using the FEM for composite beams with metal-ribbed 
decking. Even though this technique has been used by some researchers to model 
push-off test, this chapter showed that the technique also can be implemented in 
composite beam. The FEM used the proposed technique and was verified using the
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experiment’s results, which are available in the literature. Validation of the proposed 
FEM was satisfactory. The FEM has, to a large extent, proved capable of predicting 
elastic and inelastic load-deflection curve for composite beams. The models are also 
capable of accurately predicting ultimate moment.
Nines FEMs were analysed and the results for ultimate moment and stiffness were 
verified using the design code, BS5950 and EC4. Good agreement between numerical 
and design codes results were achieved. Parametrical study also was carried out using 
finite element analysis. From the finite element analysis, it can be concluded that the 
major parameter affecting the load carrying capacity of composite beams with metal- 
ribbed decking are: concrete compressive strength, beam interaction and type of 
decking.
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Chapter 5
PARAMETRIC STUDIES ON COMPOSITE BEAM 
WITH OPENINGS IN THE METAL-RIBBED 
DECKING SLAB
5.1 Introduction
Composite floor systems are used widely in construction because of benefits of 
efficiently combining the two construction materials, steel and concrete. They are also 
economic in terms of labour on site, construction time and shallower structural 
member. A composite slab is normally designed as a deformed deck-slab by using 
shear connectors for interface shear transfer at the base of the concrete floor.
However, openings are frequently placed in floor slab of buildings that contain 
pipelines for heating, ducts and ventilation. These large openings in the composite 
slab tend to reduce the capacity of the composite beam. The moment resistance of the 
whole composite system is affected. Openings can be located anywhere in composite 
beam flanges, symmetrically or asymmetrically.
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There has been a great deal of research was carried out on composite beam behaviour 
and strength. However, studies on the behaviour of composite beams with openings in 
slabs with steel decking have not been reported well, despite their importance.
The FEM was used in these studies as to provide a better understanding of the 
behaviour of composite beam with openings in the metal-ribbed decking composite 
slab. A three-dimensional finite element model was established with all the main 
structural parameters and associated material non-linearities included for steel beam, 
shear stud, concrete and steel decking. The computer code ANSYS is used in this 
studies.
The main characteristics of finite element analyses on composite beam with metal- 
ribbed decking were described in detail in Chapter 4. Due to good agreement between 
the experimental and numerical models, the validated numerical models have been 
used to carry out parametric studies in this chapter.
This chapter is divided into three parts. First part deals with investigation of the 
opening effect on the ultimate moment capacities of composite beams. Parameters 
considered include opening sizes in transverse and longitudinal axis, location of the 
openings and position of load.
Openings in metal-ribbed decking slab reduce the moment capacity of composite 
beam. Therefore, the second part is related to various slab thickness and reinforcement 
bars which increase the moment capacity of composite beam with openings.
For simplification in the FE models, openings were assumed to have symmetry on z- 
axis and x-axis. Therefore, half the beam was modelled giving due consideration for 
the boundary conditions of the models along the line of symmetry. For purpose of 
standardisation and easy reference, all the numerical models used a standard steel 
grade of fy = 300 N/mm2 and f ,  = 415 N/mm2. All numerical models were simply 
supported, loaded with single point load at the mid-span of the beam, except for model 
used for the study load location. A total of 180 finite elements models of 4.0 m span 
with 1 m slab wide were used for this study. In this research, the focus was on
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symmetrical structure due to location of openings. As mentioned in the previous 
chapter, there are three type of decking, A, B and C used in this study.
5.2 Size of opening
5.2.1 Opening size in the transverse direction
Fifty four composite beam models were used to investigate the effect of this 
parameter on the ultimate moment capacity. Figure 5.1 shows the layout of opening 
size in transverse direction. In the layout, opening size in transverse direction is 
denoted as ‘a’; ‘f  refers to openings size in longitudinal direction, Bf the width of 
composite beam flange and ‘L’ length of composite beam. The opening size in 
transverse direction, a, was varied while, f, was kept constant.
Composite slab
Steel beam
Opening
L/2
Figure 5.1: Layout of composite beam model with different openings size in 
transverse direction in metal-ribbed decking slab.
Numerical models for the studies on opening size in transverse direction were 
numbered from A1 to A18 for decking type A, B1 to B18 for decking type B and Cl 
to Cl 8 for decking type C. Table 5.1 to Table 5.3 show the details of the parameters.
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Table 5.1: Details of composite beams with different opening size in the 
transverse direction, type A
Beam
Model
Degree of 
shear interaction,
k s
Concrete 
cube strength,^ 
(MPa)
Opening size
a (mm) f  (mm)
A1 0.51 43.3 50 1 0 0
A2 0.51 43.3 1 0 0 1 0 0
A3 0.51 43.3 140 1 0 0
A4 0.51 43.3 170 1 0 0
A5 0.51 43.3 2 0 0 1 0 0
A6 0.51 43.3 250 1 0 0
A7 0 .6 8 26 50 1 0 0
A8 0 .6 8 26 1 0 0 1 0 0
A9 0 .6 8 26 140 1 0 0
A10 0 .6 8 26 170 1 0 0
A ll 0 .6 8 26 2 0 0 1 0 0
A12 0 .6 8 26 250 1 0 0
A13 0.61 35 50 1 0 0
A14 0.61 35 1 0 0 1 0 0
A15 0.61 35 140 1 0 0
A16 0.61 35 170 1 0 0
A17 0.61 35 2 0 0 1 0 0
A18 0.61 35 250 1 0 0
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Table 5.2: Details of composite beams with different opening size in the 
transverse direction, type B
Beam
Model
Degree of 
shear interaction,
Concrete 
cube strength, 
(MPa)
Opening size
a (mm) f  (mm) 
1 0 0B1 0.76 43.3 50
B2 0.76 43.3 1 0 0 1 0 0
B3 0.76 43.3 140 1 0 0
B4 0.76 43.3 170 1 0 0
B5 0.76 43.3 2 0 0 1 0 0
B6 0.76 43.3 250 1 0 0
B7 1 .0 0 26 50 10 0
B8 1 .0 0 26 1 0 0 1 0 0
B9 1 .0 0 26 140 1 0 0
BIO 1 .0 0 26 170 1 0 0
B ll 1 .0 0 26 2 0 0 1 0 0
B12 1 .0 0 26 250 1 0 0
B13 0.91 35 50 1 0 0
B14 0.91 35 1 0 0 1 0 0
B15 0.91 35 140 1 0 0
B16 0.91 35 170 1 0 0
B17 0.91 35 2 0 0 1 0 0
B18 0.91 35 250 1 0 0
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Table 5.3: Details of composite beams with different opening size in the 
transverse direction, type C
Beam
Model
Degree of 
shear interaction,
k s
Concrete 
cube strength,/^ 
(MPa)
Opening size
a (mm) f  (mm)
Cl 0.54 43.3 50 1 0 0
C2 0.54 43.3 1 0 0 1 0 0
C3 0.54 43.3 140 1 0 0
C4 0.54 43.3 170 1 0 0
C5 0.54 43.3 2 0 0 1 0 0
C6 0.54 43.3 250 1 0 0
Cl 0.71 26 50 1 0 0
C8 0.71 26 1 0 0 1 0 0
C9 0.71 26 140 1 0 0
CIO 0.71 26 170 1 0 0
C ll 0.71 26 2 0 0 1 0 0
C12 0.71 26 250 1 0 0
C13 0.63 35 50 1 0 0
C14 0.63 35 1 0 0 1 0 0
C15 0.63 35 140 1 0 0
C16 0.63 35 170 1 0 0
C17 0.63 35 2 0 0 1 0 0
C18 0.63 35 250 1 0 0
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5.2.2 Openings size in the longitudinal direction
Layout of composite beam models used to investigate the effect of openings size in 
longitudinal direction (second parameter) is shown in Figure 5.2. The opening size in 
the transverse direction, a, was kept constant, while the opening size in the 
longitudinal direction, f varied.
Composite slab
Steel beam
Opening
L/2
Figure 5.2: Layout of composite beam model with different openings size in 
longitudinal direction in metal-ribbed decking slab.
Nine models (Al-fl, Al-f2, Al-f3, Bl-fl, Bl-f2, Bl-f3, Cl-fl, Cl-f2, Cl-f3) were 
studied in the investigation. They are identified in terms of openings size in the 
longitudinal direction, f. Cube strength was selected as 43.1 MPa. Details of the 
openings for these models are shown in Table 5.4.
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Table 5.4: Details of composite beams with different opening size in the
longitudinal direction
Beam
Model
Degree of 
shear interaction,
k s
Concrete 
cube strength, 
(MPa)
Opening size
a (mm) f (mm)
Al-fl 0.51 43.3 250 2 0 0
Al-f2 0.51 43.3 250 400
Al-f3 0.51 43.3 250 900
Bl-fl 0.76 43.3 250 1 0 0
Bl-f2 0.76 43.3 250 400
Bl-f3 0.76 43.3 250 900
Cl-fl 0.54 43.3 250 1 0 0
Cl-f2 0.54 43.3 250 400
Cl-O 0.54 43.3 250 900
5.3 Location of Openings
5.3.1 Openings location in longitudinal direction
Third parameter investigated was the effect of opening location. The distance of 
openings (d) is measured from the mid-span of the beam. In the FE analysis, the 
opening locations in the longitudinal direction were varied. Three different locations 
(d) examined in this study were 300mm, 500mm and 900mm. Eighteen models were 
used. Layout of composite beam model is shown in Figure 5.3. Table 5.5 summarises 
the parameters of the models used.
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Composite slab
Steel beam
Opening
*XL/2
Figure 5.3: Layout of composite beam model with different openings locations
Table 5.5: Details of composite beams with different opening locations
Beam
Model
Degree of 
shear interaction,
k s
Concrete 
cube strength, f cu 
(MPa)
Opening parameter
a
(mm)
170
f
(mm)
1 0 0
d
(mm)
400Al-Ll 0.51 43.3
A1-L2 0.51 43.3 170 1 0 0 800
Bl-Ll 0.76 43.3 170 1 0 0 400
B1-L2 0.76 43.3 170 1 0 0 800
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5.3.2 Openings with different load location
Fourth parameter investigated was the load location on composite beams with 
openings. All models were simply supported, loaded by concentrated loads applied 
symmetrically about the mid-span of the beam with different spacing (21d). The 
distance of load (Id) was defined from central of the beam. The composite beam model 
used for the investigation is shown in Figure 5.4. In the numerical analyses, the load 
locations along the span were varied for each of the opening positions kept the same. 
Two different opening locations (d) used in this study were 600mm and 1000mm 
from the mid-span of the beam. Load was located at three different locations namely, 
opening front section, opening central section and opening end section shown in the 
Figure 5.4. There different load locations (L) for each opening location (d) were 
investigated. For opening with d=600mm, distance of load (L) were 400mm (front 
section), 600mm (central section) and 800mm (end section). For opening with 
d=1 0 0 0 mm, distance of load (L) were 800mm (front section), 1 0 0 0 mm (central 
section) and 1200mm (end section). Table 5.6 summarises the parameters of the 
models used for this study.
Opening
Loading
Composite slab
Steel beam
opening front sectionopening end section
opening central section
Figure 5.4: Layout of composite beam with openings with different load
locations
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Table 5.6: Details of the composite beams with openings and with different load
locations
Beam
Model
Degree of 
shear interaction,
k s
Concrete 
cube strength, 
feu (MPa)
Opening parameter
ld
(mm)
a
(mm)
f
(mm)
d
(mm)
A l-Ldl 0.51 43.3 400 170 2 0 0 600
Al- Ld2 0.51 43.3 600 170 2 0 0 600
Al- Ld3 0.51 43.3 800 170 2 0 0 600
Al - Ld4 0.51 43.3 800 170 2 0 0 1 0 0 0
Al- Ld5 0.51 43.3 1 0 0 0 170 2 0 0 1 0 0 0
Al - Ld6 0.51 43.3 1 2 0 0 170 2 0 0 1 0 0 0
Bl-Ldl 0.51 43.3 400 170 2 0 0 600
B1 - Ld2 0.76 43.3 600 170 2 0 0 600
Bl- Ld3 0.76 43.3 800 170 2 0 0 600
Bl- Ld4 0.76 43.3 800 170 2 0 0 1 0 0 0
Bl- Ld5 0.76 43.3 1 0 0 0 170 2 0 0 1 0 0 0
Bl- Ld6 0.76 43.3 1 2 0 0 170 2 0 0 1 0 0 0
5.3.3 Two openings with different position
Another case was the positions of two openings in composite beam flange. If there are 
two openings, its can be located either in same flange side or different flange side as 
shown in Figure 5.5. In Figure 5.5, openings are numbered as 1 and 2. Reason for this 
study is to investigate the difference in moment capacity between two openings 
position (same flange side or different flange side). Table 5.7 summarise the 
parameters used for this study.
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Composite slab
Steel beam
Opening
l u l l
a) Openings located at different side of flange
Composite slab
Steel beam
Opening
l u l l
b) Openings located at same side of flange
Figure 5.5: Layout of composite beam with different opening position (same
side of flange or similar side of flange)
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Table 5.7: Details of the composite beams with two openings with different 
location (same side of flange or different side of flange)
Beam
Model
Beam
Span,
L
(mm)
Degree of 
shear 
interaction
Slab
width,
B/,
(mm)
Concrete 
cube 
strength, 
feu (MPa)
Opening parameter
Location of 
openings on 
flanges(one 
side or both 
side)
a
(mm)
f
(mm)
d
(mm)
Al-Pl 4.0 0.51 1 0 0 0 43.3 one side 170 2 0 0 600
A1-P2 4.0 0.51 1 0 0 0 43.3 both side 170 2 0 0 600
A1-P3 4.0 0.51 1 0 0 0 43.3 one side 250 2 0 0 600
A1-P4 4.0 0.51 1 0 0 0 43.3 both side 250 2 0 0 600
Bl-Pl 4.0 0.76 1 0 0 0 43.3 one side 170 2 0 0 600
B1-P2 4.0 0.76 1 0 0 0 43.3 both side 170 2 0 0 600
B1-P3 4.0 0.76 1 0 0 0 43.3 one side 250 2 0 0 600
B1-P4 4.0 0.76 1 0 0 0 43.3 both side 250 2 0 0 600
5.4 Parametric study on the method to increase the ultimate 
moment of composite beams with openings in metal-ribbed 
decking slab
5.4.1 General
Openings will reduce the moment capacity of the composite beams. Contractor’s and 
engineer’s often increase slab thickness, install steel reinforcement bar (rebar) or 
increase steel beam dimension to counter the openings effect in composite beam slab. 
Even though this technique will normally increase the capacity of composite beam 
without openings, the aim of this study is to investigate how the beam capacity is 
maintained in order to avoid too costly approach or leading to inadequate in beam 
design. Hence the parametric study was conducted to study the suitable methods to 
increase the moment capacity of the composite beams with openings in metal-ribbed 
decking. The parameters considered were the concrete strength, overall slab thickness 
and steel reinforcement bar (rebar). Fifty four FE model with three different
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dimensions of metal-ribbed decking (type A, type B and type C as shown in Fig.4.6) 
and openings size, a, 140 mm were considered in this study.
5.4.2 Concrete strength
Results in Chapter 4, section 4.4.2.2 show that, by increasing the concrete 
compressive strength from 26 MPa to 43.3 MPa ultimate moment of composite beams 
with metal decking is increased approximately by 9% to 11%. However, these results 
refer to composite beams without openings. In order to study composite beam with 
opening in metal-ribbed decking slab analyses were carried out in which openings size 
was varied in transverse axis direction as shown in Table 5.1 to Table 5.3 with cube 
strength 43.3 MPa and 26 MPa.
5.4.3 Slab thickness
This section describes a comprehensive parametric study to investigate the difference 
in moment capacity of composite beam with openings with different overall slab 
thickness. Four different slab thicknesses were used, 110 mm, 115 mm, 120 mm and 
125mm. One of the models in section 5.2.1 (Tl) has been used as a reference. This 
model had an overall slab thickness of 105 mm, opening size in transverse direction 
(a) and longitudinal direction (f), 140mm and 200mm, respectively. Parameters of all 
models are shown in Table 5.8 to Table 5.10.
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Table 5.8: Details of the composite beams with openings and with different 
overall slab thickness, A Type
Beam Degree of shear Concrete cube strength, Slab thickness Opening size
Model interaction, feu (MPa) (mm)
*. (%) a(mm)
f
(mm)
A-Tl 51 43.3 105 140 200
A-T2 46 43.3 110 140 200
A-T3 41 43.3 115 140 200
A-T4 40 43.3 120 140 200
A-T5 40 43.3 125 140 200
A-T6 68 26 105 140 200
A-T7 61 26 110 140 200
A-T8 56 26 115 140 200
A-T9 51 26 120 140 200
A-T10 47 26 125 140 200
A-Tll 61 35 105 140 200
A-T12 55 35 110 140 200
A-T13 50 35 115 140 200
A-T14 45 35 120 140 200
A-T15 42 35 125 140 200
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Table 5.9: Details of the composite beams with openings and with different 
overall slab thickness, B Type
Beam Degree of shear Concrete cube Slab thickness Opening
Model interaction, strength, f cu (MPa) (mm) size
M % ) a
(mm)
f
(mm)
B-Tl 123 43.3 105 140 200
B-T2 111 43.3 110 140 200
B-T3 101 43.3 115 140 200
B-T4 92 43.3 120 140 200
B-T5 85 43.3 125 140 200
B-T6 179 26 105 140 200
B-T7 161 26 110 140 200
B-T8 146 26 115 140 200
B-T9 134 26 120 140 200
B-T10 124 26 125 140 200
B-Tll 146 35 105 140 200
B-T12 131 35 110 140 200
B-T13 119 35 115 140 200
B-T14 109 35 120 140 200
B-T15 101 35 125 140 200 1
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Table 5.10: Details of the composite beams with openings and with different
overall slab thickness, C Type
Beam Degree of shear Concrete cube Slab thickness Opening
Model interaction, strength, f cu (MPa) (mm) size
(%) a(mm)
f
(mm)
C-Tl 85 43.3 105 140 200
C-T2 78 43.3 110 140 200
C-T3 72 43.3 115 140 200
C-T4 67 43.3 120 140 200
C-T5 63 43.3 125 140 200
C-T6 124 26 105 140 200
C-T7 113 26 110 140 200
C-T8 105 26 115 140 200
C-T9 98 26 120 140 200
C-T10 91 26 125 140 200
C-Tll 92 35 105 140 200
C-T12 84 35 110 140 200
C-T13 78 35 115 140 200
C-T14 72 35 120 140 200
C-T15 68 35 125 140 200
5.4.4 Area of reinforcement bar (rebar)
In this section, the effect of variation in steel reinforcement area will be assessed. The 
results obtained were used to propose suitable design method to design composite 
beam with openings reinforced with reinforcing bar which described in details in 
Chapter 6. The rebars were placed on the longitudinal axis, at the top of shear studs, as 
shown in Figure 5.6. Rebars were placed within the effective width of composite 
beam. Six different cross section area of rebar were used in this study, which were: 
56.56 mm2 (2xR6), 226.22 mm2 (2xR12), 402.18 mm2 (2xR16), 113.11 mm2 (4xR6), 
452.45 mm2 (4xR12), and 804.35 mm2 (4xR16). For the two rebars case, bars were
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located at outermost side of flange next to opening. Four rebars, bars were located at 
outermost side and innermost side of flange next to opening.
Opening Rebar (innermost side of flange)
Rebar (outermost side of flange)
Figure 5.6: Layout of rebar next to the openings.
Rebar was idealised in the FE model by using the LINK8 element and was assumed to 
have full bonding with the concrete. To provide a perfect bond, the link element for 
steel reinforcing was connected between the nodes of each adjacent concrete solid 
element, so the two materials shared the same nodes. Figure 5.7 illustrates the element 
connectivity. Tables 5.11 to 5.13 summarise the parameters used in this study.
Concrete 
solid element
RC bar- Link8 
Element
Figure 5.7: Element connectivity between concrete-solid element and rebar-link
element.
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Table 5.11: Details of the composite beams with openings and with different
rebar area, A Type
Beam Concrete cube Rebar area Opening size
Model strength, f cu (mm2)
(MPa) a (mm) f  (mm)
A-Rl 43.3 (2R6)56.56 140 200
A-R2 43.3 (2R12)226.22 140 200
A-R3 43.3 (2R16)402.18 140 200
A-R4 43.3 (4R6)113.11 140 200
A-R5 43.3 (4R12)452.45 140 200
A-R6 26 (4R16)804.35 140 200
A-R7 26 (2R6)56.56 140 200
A-R8 26 (2R12)226.22 140 200
A-R9 26 (2R16)402.18 140 200
A-R10 26 (4R6)113.11 140 200
A-Rll 26 (4R12)452.45 140 200
A-R12 26 (4R16)804.35 140 200
A-R13 35 (2R6)56.56 140 200
A-R14 35 (2R12)226.22 140 200
A-R15 35 (2R16)402.18 140 200
A-R16 35 (4R6)113.11 140 200
A-R17 35 (4R12)452.45 140 200
A-R18 35 (4R16)804.35 140 200
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Table 5.12: Details of the composite beams with openings and with different
rebar area, B Type
Beam Concrete cube Rebar area Opening size
Model strength, f cu (mm2)
(MPa) a (mm) f (mm)
B-Rl 43.3 (2R6)56.56 140 200
B-R2 43.3 (2R12)226.22 140 200
B-R3 43.3 (2R16)402.18 140 200
B-R4 43.3 (4R6)113.11 140 200
B-R5 43.3 (4R12)452.45 140 200
B-R6 26 (4R16)804.35 140 200
B-R7 26 (2R6)56.56 140 200
B-R8 26 (2R12)226.22 140 200
B-R9 26 (2R16)402.18 140 200
B-R10 26 (4R6)113.11 140 200
B-Rll 26 (4R12)452.45 140 200
B-R12 26 (4R16)804.35 140 200
B-R13 35 (2R6)56.56 140 200
B-R14 35 (2R12)226.22 140 200
B-R15 35 (2R16)402.18 140 200
B-R16 35 (4R6)113.11 140 200
B-R17 35 (4R12)452.45 140 200
B-R18 35 (4R16)804.35 140 200
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Table 5.13: Details of the composite beams with openings and with different
rebar area, C Type
Beam Concrete cube Rebar area Opening size
Model strength, f cu (mm2)
(MPa) a (mm) f (mm)
C-Rl 43.3 (2R6)56.56 140 200
C-R2 43.3 (2R12)226.22 140 200
C-R3 43.3 (2R16)402.18 140 200
C-R4 43.3 (4R6)113.11 140 200
C-R5 43.3 (4R12)452.45 140 200
C-R6 26 (4R16)804.35 140 200
C-R7 26 (2R6)56.56 140 200
C-R8 26 (2R12)226.22 140 200
C-R9 26 (2R16)402.18 140 200
C-R10 26 (4R6)113.11 140 200
C-Rll 26 (4R12)452.45 140 200
C-R12 26 (4R16)804.35 140 200
C-R13 35 (2R6)56.56 140 200
C-R14 35 (2R12)226.22 140 200
C-R15 35 (2R16)402.18 140 200
C-R16 35 (4R6)113.11 140 200
C-R17 35 (4R12)452.45 140 200
C-R18 35 (4R16)804.35 140 200
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5.5 Result and Discussion
5.5.1 Openings size in transverse direction
For type A decking (narrow-ribbed), all the curves are linear up to the first yield load 
and become non-linear thereafter. Most of the models sustain the linear stage 
approximately up to 80 kN. It can be seen from Figures 5.8 to 5.10 that the ultimate 
loads decrease with the increase of openings size in transverse direction, ‘a’, (Refer to 
Fig.5.1). As in the case of model A12 which has lowest ultimate load for the A group 
(narrow-ribbed), the load-deflection behaviour is linear up to the first yield load equal 
to 77.02 kN and it becomes nonlinear thereafter. It is observed for model Al, A7 and 
A13 with opening ratio of 10% in transverse direction the ultimate load value were 
165.62 kN, 151.15 kN and 156.56 kN, respectively, corresponding to a deflection of 
52.81 mm, 41.87 mm and 41.87 mm, respectively. The corresponding ultimate load 
value is 153.88 kN, 143.49 kN and 147.35 kN with the opening size increased to 50%.
P
It can be seen from Table 5.14, the — ratio shows that ultimate loads were reduced
Pu
with the increase of opening ratio. In the table, P0 is ultimate load for composite 
beams with opening while Pu is ultimate load for composite beam without openings. 
P
The lowest value o f — ratio means higher reduction in ultimate load capacity. The
results show that by increasing the openings size in transverse direction will decrease 
the ultimate load of composite beam. The results show that the ultimate load decrease 
by 2%, 1% and 2% when the opening size is increased by 10% in the direction of 
transverse axis for model Al, A7 and A8, respectively. The corresponding drop in 
ultimate load is 9%, 6% and 10% when the opening size increased to 50%. The results 
obtained are shown in Tables 5.14.
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Figure 5.8: Load-deflection curves for com posite beams with different openings size 
in transverse direction, (fcu= 43.3 MPa)
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Figure 5.9: Load-deflection curves for com posite beams with different openings size 
in transverse direction, (fcu= 26 MPa)
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Figure 5.10: Load-deflection curves for composite beams with different openings size 
in transverse direction, (fcu =35 MPa)
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Table 5.14: Results for composite beam with different openings size in transverse
direction, A type
Beam
Model
Concrete 
cube strength, f cu 
(MPa)
Opening parameter Opening 
Ratio %
Ultimate
Load
(kN)
Po/Pu
a (mm) f(mm)
SA1 43.3 0 0 0 169.04 1.00
A1 43.3 50 100 10 165.62 0.98
A2 43.3 100 100 20 162.54 0.96
A3 43.3 140 100 28 160.06 0.95
A4 43.3 170 100 34 158.05 0.93
A5 43.3 200 100 40 155.68 0.92
A6 43.3 250 100 50 153.88 0.91
SA2 26 0 0 0 159.34 1.00
A7 26 50 100 10 156.56 0.98
A8 26 100 100 20 154.71 0.97
A9 26 140 100 28 152.80 0.96
A10 26 170 100 34 151.30 0.95
A ll 26 200 100 40 149.69 0.94
A12 26 250 100 50 147.35 0.90
SA3 35 0 0 0 152.58 1.00
A13 35 50 100 10 151.15 0.99
A14 35 100 100 20 148.9 0.98
A15 35 140 100 28 147.66 0.97
A16 35 170 100 34 146.65 0.96
A17 35 200 100 40 145.56 0.95
A18 35 250 100 50 143.49 0.94
Load-deflection curves behaviour for B type model (wide-ribbed) are shown in Figure 
5.11 to 5.13. Linear behaviour is observed at early stage of loading, after reaching the 
ultimate load, vertical deflection increased rapidly with the load. The load-deflection 
behaviour for this group is linear up to the first yield load averagely equal to 105 kN
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and it becomes non-linear thereafter. It is observed that B l, B7 and B13 with opening 
ratio o f  10%, ultimate load value is 181.54 kN, 165.48 kN and 171.63 kN, 
respectively. However for 50% opening ratio, the ultim ate load were 165.53 kN, 
144.61 kN and 154.53 kN, for B6, B12 and B18, respectively. As in the case o f  model 
B12, it has lowest ultim ate load value which is 144.61 kN. The model has 26 MPa 
cube strength and 50% o f  opening ratio. The load-deflection plot o f  this model is 
alm ost linear up to 65%  o f  the ultimate load and the beam show larger deflection with 
sm aller increase in load above this point.
The results show that the ultimate load drops by 2%, 3% and 3%, when the opening 
size is increased by 10% in the direction o f  transverse direction for model B l, B7 and 
B8, respectively. The corresponding drop in ultimate load is 11%, 15% and 12% in 
ultimate load when the opening size increased to 50%. The results obtained for B type 
model is shown in Tables 5.15.
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Figure 5.11: Load-deflection curves for com posite beams with different openings size 
in transverse direction, (fcu= 43.3 MPa)
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Figure 5.12: Load-deflection curves for com posite beams with different openings size 
in transverse direction, (fcu= 26 MPa)
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Figure 5.13: Load-deflection curves for com posite beams with different openings size 
in transverse direction, (fcu= 35 MPa)
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Table 5.15: Results for composite beam with different openings size in transverse
direction, B type
Beam
Model
Concrete 
cube strength, f cu 
(MPa)
Opening parameter Opening 
Ratio %
Ultimate
Load
(kN)
Po/Pu
a
(mm)
f
(mm)
SB1 43.3 0 0 0 185.96 1.00
Bl 43.3 50 100 10 181.54 0.98
B2 43.3 100 100 20 178.55 0.96
B3 43.3 140 100 28 176.42 0.95
B4 43.3 170 100 34 173.97 0.94
B5 43.3 200 100 40 172.15 0.93
B6 43.3 250 100 50 165.53 0.89
SB2 26 0 0 0 169.74 1.00
B7 26 50 100 10 165.48 0.97
B8 26 100 100 20 163.50 0.96
B9 26 140 100 28 161.07 0.95
BIO 26 170 100 34 157.43 0.93
B ll 26 200 100 40 153.68 0.91
B12 26 250 100 50 144.61 0.85
SB3 35 0 0 0 176.18 1.00
B13 35 50 100 10 171.63 0.97
B14 35 100 100 20 169.78 0.96
B15 35 140 100 28 167.46 0.95
B16 35 170 100 34 165.24 0.94
B17 35 200 100 40 162.49 0.92
B18 35 250 100 50 154.53 0.88
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Load-deflection plots for C groups are presented in Figures 5.14 to 5.16. The metal 
decking used in this group is classified as w ide-ribbed sim ilar classification to B 
groups but different in decking dimension. Sim ilar pattern o f  load-deflection curve 
was observed when com pared with A and C group. Load-deflection behaviour o f  this 
group is almost linear up to 80 to 85 kN and the showed a large deflection with 
increasing load thereafter. The stiffness o f  com posite section contributed up to 55%  o f  
ultimate load. It is observed that for beam with 10% opening ratio, the ultim ate load is 
177.17 kN, 161.30 kN and 167.80 kN, for C 1, C7 and C 13, respectively. It is observed 
that model having higher opening ratio which is 50%, the ultim ate load value is 
161.30 kN, 144.18 kN and 152.57 kN, for C6, C 12 and C 18, respectively.
The results show that the ultim ate load drops by 4%, 3% and 3%, when the opening 
size is increased by 10% in the direction o f  transverse direction for model C l,  C7 and 
C8, respectively. The corresponding drop in ultimate load is 12%, 14% and 11% in 
ultimate load when the opening size increased to 50% .The results obtained are shown 
in Tables 5.16.
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Figure 5.14: Load-deflection curves for com posite beams with different openings size 
in transverse direction, (fcu= 43.3 MPa)
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Figure 5.15: Load-deflection curves for com posite beams with different openings size 
in transverse direction, (fcu= 26 MPa)
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Figure 5.16: Load-deflection curves for com posite beams with different openings size 
in transverse direction, (fcu= 35 MPa)
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Table 5.16: Results for composite beams with different openings size in 
transverse direction, C type
Beam
Model
SCI
Concrete 
cube strength, 
(MPa)
Opening parameter Opening 
Ratio %
Ultimate
Load
(kN)
Po/Pu
a (mm) f(mm)
43.3 0 0 0 183.89 1.00
Cl 43.3 50 100 10 177.17 0.96
C2 43.3 100 100 20 173.59 0.94
C3 43.3 140 100 28 170.60 0.93
C4 43.3 170 100 34 168.15 0.91
C5 43.3 200 100 40 165.47 0.90
C6 43.3 250 100 50 161.30 0.88
SC2 26 0 0 0 167.13 1.00
Cl 26 50 100 10 161.63 0.97
C8 26 100 100 20 158.82 0.95
C9 26 140 100 28 155.91 0.93
CIO 26 170 100 34 154.79 0.93
C ll 26 200 100 40 149.93 0.90
C12 26 250 100 50 144.18 0.86
SC3 35 0 0 0 172.28 1.00
C13 35 50 100 10 167.80 0.97
C14 35 100 100 20 164.75 0.96
C15 35 140 100 28 162.68 0.94
C16 35 170 100 34 160.74 0.93
C17 35 200 100 40 158.94 0.92
C18 35 250 100 50 152.57 0.89
As explained in the parametric study in section 4.6.2, composite slab serves as 
compressive component. The capacity of composite beam depends on its compressive 
strength. Openings reduce the flange width at cross section corresponding to the 
opening position, which consequently reduce the effective width of the flange, as 
shown in Figure 5.17. Beyond the ultimate load, the composite slab loses its load
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carrying capacity due to concrete crushing, and the m odels eventually failed when a 
plastic hinge formed in the steel beam. All models failed in bending.
R
a
JL JL
(a) Flange with opening (b) Net effective width
Figure 5.17: Typical section o f  the com posite beams with openings
A typical stress contour o f  com posite beams obtained from finite elem ent analysis is 
shown in Fig. 5.18. The figure shows the formation o f  yield stress at m id-span o f  the 
beam. The developm ent o f  plastic hinge is shown by yield stress form ed in the steel 
beam. The high level o f  yielding in the steel beam can be clearly seen in the diagram. 
High stress in steel beam starts just after the developm ent o f  high com pressive stress 
in concrete slab and extends to other region o f  steel beam with the increase o f  load.
0 1 6 9 7 3 0 1 8 0 3 3
a) At first yield b) At final load
Figure 5.18: Development o f  yield stress in the steel beam, unit in M Pa
The initiation and developm ent o f  stress in ribbed decking slab is shown in Fig 5.19 
and 5.20 for model A2 and A6, respectively. G enerally, with the increase in load, 
developm ent o f  high com pressive stress is initiated at beam centre and outerm ost side 
o f  opening and then high com pressive stress extends to the w hole side o f  opening. For 
higher openings ratio, as in the case o f  model A6, developm ent o f  high com pressive
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stress is initiated at lower applied load compared to model A1 which has lower
opening ratio.
AN
a) Load 140.76 kN
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b) Load 153.49 kN 
F AN
c) Load 160.32 kN
Figure 5.19: Developem nt o f  stress in 
slab for model A2, unit in MPa
a) Load 138.14 kN
T i l  ™
-31.531 
-20.641 
-24.758 
-19.0 61 
-11.909 
-7.059
2.424M
3.31b|
b) Load 147.70 kN
1n  ™
-31.531 
-20.641
-19.861
B&'ISB -11.909 
r‘ -7.05 9
2.424M
3.310|
E H
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Figure 5.20: Developm ent o f  stress in 
slab for model A6, unit in M Pa
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5.5.2 Opening size in the longitudinal direction
Figures 5.21 to 5.23 show the com parison o f  load-deflection curves for m odels with 
opening size in the direction o f  longitudinal axis. It can be seen from the figures that 
increase the openings size in longitudinal axis direction does not affect the ultimate 
load. This behaviour is contrary to the results for the m odels with opening size in 
transverse axis direction. Negligible effect on ultimate load is due to the fact that the 
width o f  com posite beam flange is not reduced.
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Figure 5 .2 1: Load-deflection curves for different opening size in longitudinal axis, A 
type
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Figure 5.22: Load-deflection curves for different opening size in longitudinal axis, B 
type
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Figure 5.23: Load-deflection curves for different opening size in longitudinal axis, C 
type
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Reduction in stiffness o f  the beams is, however, observed in the linear range with 
increase in the size o f  openings (f) as shown in Figures 5.24 to Figure 5.26. 
Reduction is attributed due to change o f  geometry o f  com posite beams in the 
longitudinal axis. Reduction in stiffness can be associated with opening ratio. Opening 
ratio is defined by opening size in longitudinal direction divided by beam length.
Table 5.17 sum m arises the results from the param etric study. In the table, 5 is 
deflection o f  com posite beam with opening and Sno is deflection for com posite beam
w ithout opening. The table 5.17 show that — ratio is increase with the increase o f
n^o
opening ratio (%). With opening ratio o f  10%, the reduction o f  stiffness is 
approxim ately 4% com pared with com posite beam w ithout opening. For opening ratio 
40% , the reduction o f  stiffness is as high as 22%, as in the case o f  model B l-f3 . From 
the num erical results, it can be concluded that the effect is significant when opening 
ratio is more than 20%.
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Figure 5.24: Load-deflection curves for different opening size in longitudinal axis, A 
type
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Figure 5.25: Load-deflection curves for different opening size in longitudinal axis, B 
type
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Figure 5.26: Load-deflection curves for different opening size in longitudinal axis, C 
type
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Table 5.17: Results for opening size in the direction of longitudinal axis
Beam
Model
Opening
parameter
Opening 
Ratio (%)
Load at 
Deflection 
(kN)
5
(mm)
8
Sno
a
(mm)
f
(mm)
Al-fl 250 200 10 70 8.1 1.04
Al-f2 250 400 20 70 8.4 1.08
Al-f3 250 900 40 70 9.0 1.16
Bl-fl 250 100 10 90 7.8 1.03
Bl-f2 250 400 20 90 8.3 1.09
Bl-f3 250 900 40 90 9.3 1.22
Cl-fl 250 100 10 70 7.5 1.04
Cl-f2 250 400 20 70 7.9 1.10
Cl-f3 250 900 50 70 8.5 1.18
5.5.3 Location of Openings
5.5.3.1 Opening location in longitudinal direction
Figures 5.27 and 5.28 show the effect of opening location on load-deflection curves. 
Two different locations d=400mm and d=800mm were considered in the study. It can 
be seen that the beam stiffness and ultimate load are least affected when the openings 
are placed away from the mid-span.
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Figure 5.27: Load-deflection curves for different opening size in longitudinal axis.
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Figure 5.28: Load-deflection curves for different opening size in longitudinal axis.
Typical stress contour for this study obtained from finite elem ent analysis is shown in 
Fig. 5.29. From the figure it can bee seen that for the beam subjected to central
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loading, the high com pressive stress in slab at beam centre does not affected by 
openings placed away from mid-span. Due to this reason, openings away from m id­
span do not affect the load carrying capacity o f  com posite beam.
- 3 1 . 5 3 1  
- 2 9 . 0 0 1  
- 2 3 . 3 0 5  
- 1 7 . 6 1  
- 1 1 . 9 1 4  
- 6 . 2 1 9  
- . 5 2 3  
. 2 5 2
l . 2 l |
a) d = 400m m
Load location Line o f  sym m etry
b) d = 800mm
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Figure 5.29: Stress contour in com posite slab for different opening location (B l 
M odel), unit in MPa
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5.S.3.2 Location of load
Figure 5.30 to 5.41 show the moment-deflection curves which illustrate the effect o f  
load location on com posite beams with openings. Results are com pared with those 
corresponding to the w ithout openings subjected to sim ilar loading. In order to 
com pare the results for different load locations, applied force were converted to 
applied moment.
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Figure 5.30: M om ent-deflection curves for A type model with load applied at 400mm 
and opening located at 600mm from mid-span o f  the beam
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Figure 5.31: M om ent-deflection curves for A type m odel with load applied at 600mm 
and opening located at 600mm from mid-span o f  the beam
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Figure 5.32: M om ent-deflection curves for A type model with load applied at 800mm 
and opening located at 600mm from mid-span o f  the beam
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Figure 5.33: M om ent-deflection curves com parison for B type model with load 
applied at 400mm and opening located at 600mm from m id-span o f  the beam
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Figure 5.34: M om ent-deflection curves for B type model with load applied at 600mm 
and opening located at 600mm from mid-span o f  the beam
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Figure 5.35: M om ent-deflection curves for B type model with load applied at 800mm 
and opening located at 600mm from mid-span o f  the beam.
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Figure 5.36: M om ent-deflection curves for A type model with load applied at 800mm 
and opening located at 1000mm from mid-span o f  the beam
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Figure 5.37: M om ent-deflection curves for A type model with load applied at 
1000mm and opening located at 1000mm from mid-span o f  the beam
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Figure 5.38: M oment-deflection curves for A type model with load applied at 
1200mm and opening located at 1000mm from mid-span o f  the beam
120
100
10 20 30 40 50
Central Deflection (mm)
B 1 -d 4  (N o  O p e n in g , L d = 8 0 0 m m ) 
- e — B 1 -L d 4  (L d = 8 0 0 m m , d = 1 0 0 0 m m )
Figure 5.39: M om ent-deflection curves for B type model with load applied at 800mm 
and opening located at 1000mm from mid-span o f  the beam
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Figure 5.40: M om ent-deflection curves for B type model with load applied at 
1000mm and opening located at 1000mm from mid-span o f  the beam
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Figure 5.41: M om ent-deflection curves for B type model with load applied at 
1200mm and opening located at 1000mm from mid-span o f  the beam
M om ent-deflection curves show that there is reduction on m om ent capacity o f  
com posite beam even when opening is not located at mid-span. The reduction o f
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moment capacity is found to be influenced by applied load location. As mention in 
section 5.4, load is applied at different locations which are before opening (front 
section), opening centre (central section) and after opening (end section).
Summary of results from the parametric study is given in Table 5.18. In the table, Mm 
is the ultimate moment of composite beam with opening and Mno is the ultimate 
moment of beam without openings. Moment is reduced up to 4%, 6% and 7% for load 
applied at the front section, central section and end section of openings, respectively. 
It was observed that the moment reduction is more when load is located at opening 
end section compared to front section. It was also observed that the opening influences 
more if it is applied within the region of maximum bending moment. For central 
loading, the maximum bending moment is at the central of the beam while for two 
point load cases, the maximum bending moment is in between the two loads as shown 
in Figure.5.42.
P/2 P/2 P
a) Two point load b) Single point load
Figure 5.42: Opening within maximum bending moment region
It is observed that when openings were located outside maximum bending moment 
region the ultimate moment are least effected as shown in previous section, 5.8.3. Due 
to this reason, ultimate moment is reduced more for the model Ld3 compared to the 
model Ldl. In model Ld3, load was applied at opening end section compared to model 
Ldl where the load was applied at the openings front section as shown in Figure 5.43.
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a) Openings within maximum b) Openings outside maximum
bending m om ent region. bending m om ent region.
Figure 5.43: Opening within and outside maximum bending m om ent region
Figures 5.44 to 5.46 present typical stress contours in com posite beam with opening 
with different load locations. It is interesting to note that for openings located outside 
maximum bending moment region (load applied at front section), high com pressive 
stress in slab is formed at mid-span (Figs 5.44). For load applied at the opening centre 
(Figs 5.45) and opening end section (Figs 5.46), high com pressive stress in slab is 
distributed at opening area, along innermost and outerm ost side o f  beam flange. The 
location o f  high com pressive stress is changing from mid-span to opening area due to 
reduction o f  slab section.
Cross-section at load location (front section)
AN
3 1 . 5 3 1
- 2 9 . 0 0 1
- 2 3 . 3 0 5
6 . 2 1 9
. 2 5 2
3 . 21
Beam centre
Figure 5.44: Stress contour in com posite slab for B1 M odel- Load at opening front 
section, unit in MPa
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Cross-section at load location (central opening)
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Figure 5.45: Stress contour in com posite slab for B1 M odel- Load at central opening, 
unit in MPa
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Figure 5.46: Stress contour in com posite slab for B1 M odel- Load at opening end 
section, unit in MPa
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Table 5.18: Result for composite beams with opening and with different load
locations
Beam
Model
Opening
parameter
Mu0 or 
Mno 
(kN.m)
M »
M no
Ld
(mm)
d
(mm)
Al-dl 400 0 163.24
A l-Ldl 400 600 156.31 0.96
Al-d2 600 0 160.47
Al- Ld2 600 600 150.71 0.94
Al-d3 800 0 157.02
Al- Ld3 800 600 146.43 0.93
Al-d4 800 0 157.00
Al - Ld4 800 1000 150.57 0.96
Al-d5 1000 0 153.08
Al - Ld5 1000 1000 143.37 0.94
Al-d6 1200 0 149.08
Al- Ld6 1200 1000 138.34 0.93
Bl-dl 400 0 174.98
Bl-Ldl 400 600 167.56 0.96
Bl-d2 600 0 172.86
Bl- Ld2 600 600 163.43 0.95
Bl-d3 800 0 168.65
Bl- Ld3 800 600 158.32 0.94
Bl-d4 800 0 168.65
Bl- Ld4 800 1000 161.08 0.96
Bl-d5 1000 0 163.75
Bl- Ld5 1000 1000 153.91 0.94
Bl-d6 1200 0 157.73
Bl- Ld6 1200 1000 146.32 0.93
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5.5.3.3 Two opening with different position
Figures 5.47 and 5.48 show load-deflection plots for beams with different opening 
position. It can be seen from the load-deflection curve, that a reduction o f  ultimate 
load for two openings located at both side o f  beam flange is m ore than that o f 
openings located at one side o f  beam flange.
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Figure 5.47: Load-deflection curves for com posite beam with two openings at
different positions, A type
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Figure 5.48: Load-deflection curves for composite beam with two openings at 
different positions, B type
Table 5.19 shows the summary o f  results obtained in this study. In the table M ui refer 
to ultim ate m om ent for com posite beam with openings located at one side o f  flange 
w hereas M U2 the ultimate m om ent for the beam with opening located at both side o f  
flange. The table shows that the difference in ultimate m om ent between these opening 
positions is between 3% and 5%. This study involves the openings located at 600 mm 
and 1000mm from beam centre. It should be mention, the analyses were carried out 
using model with openings located away from mid-span. The ultim ate m om ent could 
be reduced more if openings are located at mid-span o f  the beam.
Figure 5.49 shows the com parison o f  stress contour for different opening positions, 
located at one side or both side o f  flange. It can be observed, when opening is 
positioned at both sides o f  beam flange, high com pressive stress developed at com er 
side o f  opening. Between these two openings, high com pressive stress developed from 
one opening corner to another opening corner. It shows that the stress distribution is 
influenced by these two openings. Calculation o f effective width should include these 
two openings even though both opening is located at different cross section. For 
opening located at one side o f  flange, high com pressive stress is distributed at load 
location area.
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.Cross-section at load location
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a) Two openings at different side o f  flange
Cross-section at load location
AN
b) Two openings at similar side o f  flange
Figure 5.49: Stress contour in com posite slab for different opening location (A l 
Model), unit in MPa
Composite beam with opening in metal-ribbed decking slab 130
Chapter 5: Parametric Studies on Composite Beam with Openings in Metal-ribbed
Decking Slab
Table 5.19: Results for composite beams with two openings at different positions
Beam Opening parameter Mui or Mu2 M u\
Model Location of two openings on 
flanges (one side or both side)
a
(mm)
f
(mm)
d
(mm)
(kN.m) K i
Al-Pl one side 170 200 600 222.49
A1-P2 both side 170 200 600 214.79 0.97
A1-P3 one side 250 200 600 217.55
A1-P4 both side 250 200 600 207.04 0.95
Bl-Pl one side 170 200 600 239.28
B1-P2 both side 170 200 600 231.52 0.97
B1-P3 one side 250 200 600 233.61
B1-P4 both side 250 200 600 225.14 0.96
5.8.4 Effect of change in concrete strength
The primary aim of this study is to investigate the effect of ultimate load of composite 
beam with openings in metal-ribbed decking slab by increasing the concrete strength. 
Comparison of results obtained from the analyses of opening size in transverse axis 
direction with cube strength of 26 MPa and 43.3 MPa are listed in Table 5.20. In the 
table, P/cu-43.3 and P/cu-26 is ultimate load for composite beam with openings with cube 
strength of 43.3 MPa and 26 MPa, respectively. Pm is ultimate load for composite 
beam without opening corresponding to similar cube strength.
It can be seen from the table that the ultimate load is increased by about 10% when the 
cube strength of composite beam with opening is increased from 26 MPa to 43.3 MPa. 
It is observed, the beam ultimate load are affected more for lower opening ratio with 
the increase in concrete cube strength. As in the case of models Al, Bl and Cl which 
has 10% opening ratio, ultimate load is increased about 7% over the composite beam 
without openings when the cube strength is increased from 26 MPa to 43.3 MPa. As 
in the case of model A6, B6 and C6 which has higher opening ratio (50%), the 
ultimate load is increased about 1% over the composite beam without opening when 
the cube strength is increased from 26 MPa to 43.3 MPa. The fact is this increase is 
due to higher compressive force for higher concrete strength.
It can be concluded that the ultimate load increment by increasing cube strength is 
influence by openings ratio. By increasing the concrete cube strength, for higher 
openings ratio, the increase in ultimate load is lower compare to smaller openings 
ratio.
Composite beam with opening in metal-ribbed decking slab 131
j^
n
u
p
ie
r
j.
 
r
u
r
u
m
e
in
c
 
o
iu
a
ie
s 
on
 
x
^
o
m
p
o
su
e 
D
eu
rn
 
w
u
n
 
o
p
e
n
in
g
s 
in 
m
e
ia
i-
r
w
o
e
a
 
u
e
c
K
in
g
 
o
ia
o
rn
13
o
cC 1.0
9 
I
1.0
7 o 1.0
4 CN© 1.0
1
p 1.0
5
p 1.0
2
1.0
1
I 
860 1.0
7 •T)
O p
CN
O
o
p
0.9
8 
|
13
a?
SO<N on
1.0
9 0 0o 0 0o 1.0
7
1.0
7 on
1.0
9 on r—H ZVI 1.1
4 on
1.0
9
1.0
9
1.0
9 on ZVl
a,ak ° 0.
98
0.
96
0.
95 0.9
3
0.
92
0.9
1
0.
97
0.
96
0.
95
0.
93
0.9
1 0 0
© 0.
97
0.
95
0.
93
0.
93
0.
90
0.
86
» z
16
5.
62
16
2.
54
90091 15
8.0
5
15
5.
68
15
3.
88
16
5.
48
16
3.
50
16
1.
07
15
7.4
3
15
3.
68
14
4.6
1 £9191 15
8.
82
15
5.9
1
15
4.
79
14
9.9
3
14
4.
18
O
pe
ni
ng
 
Ra
tio
 
%
o 20 28 34 40 50 o 20 28 34 40 50 o 20 28 34 40 50
fe
u
(M
Pa
)
26 26 26 26 26 26 26 26 26 26
| 
26 26 26 26 26 26 26 26
Be
am
M
od
el
A
7
A8 A9
0IV
A
ll
A1
2
B7 B8 B9 B1
0
Bl
 1
B1
2
C
l
C8
63
1 
CI
O 113 C1
2
<Ck° 0.
99
0.
98
0.
97
0.
96
0.
95
0.
94
0.
98
0.
96
0.9
5
0.
94
0.9
3 680
960 0.
94
0.9
3
0.9
1
0.
90 0 00 0
©
^  s 15
1.1
5
14
8.
90
14
7.
66
14
6.6
5
14
5.
56
14
3.
49
18
1.
54
17
8.5
5
17
6.
42
17
3.
97
17
2.1
5
16
5.5
3 LV
LLl 17
3.
59
17
0.
60
16
8.1
5
16
5.
47
16
1.
30
fe
u
(M
Pa
)
43
.3
43
.3
43
.3
43
.3
43
.3
43
.3
43
.3
43
.3
43
.3
43
.3
43
.3
43
.3
43
.3
43
.3
4 3
.3
43
.3
43
.3
43
.3
Be
am
M
od
el
< A
2 CO
<
I 
A4 A5 A
6 PQ
<N
CQ
m
CQ
_B
4 B5 B6 u CNu C3 C4 u
8 C
om
po
sit
e 
bea
m 
wit
h 
op
en
ing
 
in 
me
tal
-ri
bb
ed
 
de
ck
ing
 
sla
b
Chapter 5: Parametric Studies on Composite Beam with Openings in Metal-ribbed
__________ Decking Slab________________________________________________________
5.5.5 Effect of change in concrete slab thickness
This section describes com prehensive param etric studies o f  the ultim ate load o f 
com posite beam containing openings in flange with different overall slab thicknesses. 
Four different slab thicknesses 10 mm, 115 mm, 120 mm and 125mm were used. The 
m odels, which have been analysed in the previous section (5.8.1), had an overall slab 
thickness o f  105 mm are used as reference to exam ine the beam s with different slab 
thicknesses. Figures 5.50 and 5.58 show the load-deflection curve for the changes in 
overall slab thickness.
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Figure 5.50: Effect o f  slab thickness on ultimate load o f  com posite beam with 
openings, type A with concrete strength, 43.3 N /m m 2
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Figure 5.51: Effect o f  slab thickness on ultimate load o f  com posite beam with 
openings, type A with concrete strength, 26 N /m m 2
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Figure 5.52: Effect o f  slab thickness on ultimate load o f  com posite beam with 
openings, type A with concrete strength, 35 N /m m 2
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Figure 5.53: Effect o f  slab thickness on ultim ate load o f  com posite beam with 
openings, type B with concrete strength, 43.3 N /m m 2
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Figure 5.54: Effect o f  slab thickness on ultim ate load o f  com posite beam with 
openings, type B with concrete strength, 26 N /m m 2
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Figure 5.55: Effect o f  slab thickness on ultimate load o f  com posite beam with 
openings, type B with concrete strength, 35 N /m m 2
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Figure 5.56: Effect o f  slab thickness on ultimate load o f  com posite beam with 
openings, type C with concrete strength, 43.3 N /m m 2
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Figure 5.57: Effect o f  slab thickness on ultimate load o f  com posite beam with 
openings, type B with concrete strength, 26 N /m m 2
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Figure 5.58: Effect o f  slab thickness on ultimate load o f  com posite beam with 
openings, type C with concrete strength, 35 N /m m 2
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By analysing the load-deflection curves (Figures 5.50 to 5.58), it is observed that an 
increase in the overall slab thickness resulted an increase in the ultimate load of the 
composite beam. Complete results from the study are shown in Table 5.21 to 5.23. In 
the tables Pu is ultimate load for composite beam with openings, PQ for reference
model and Pno for composite beam without openings. While —  is ratio of slab
K e f
increment over the reference model.
P
From ratio it can be observed that on average, the increment of 5% of overall slab
thickness will increase the ultimate load of composite beams by about 1% to 3%. The 
p
maximum of -jj- ratio is 1.13 which is for model C-T5. This shows that by increasing
the overall slab thickness by about 20% compared to reference model slab thickness 
the ultimate load is increased as high as 13%.
It is interesting to note that, the ultimate load is increased to the situation of a 
composite beam without openings when the slab thickness is increased up to 10% for 
the reference model. This result shows that approximately only 10% slab thickness 
increment needed from reference models as a composite beam with openings is 
required to recover the lost of composite beam strength caused by openings in slab.
In all cases, it is observed that the ultimate load is increased more than a complete 
composite beam without openings when the slab thickness is increased more than 10% 
for the reference model. As in the case of model B-T5, the ultimate load is increased 
by 7% over the composite beam without openings when the slab thickness is increased 
by 19% for the thickness of reference model. These results show that the composite 
beam with openings will be over design when the slab thickness is increased more 
than 10% for the thickness of reference model. Location of plastic neutral axis (PNA) 
is a possible reason for its increment. The increment in slab thickness moves plastic 
neutral axis (PNA) upwards and hence increase the lever arm between compression 
force and tension force. This results in increment in moment capacity of composite 
beam.
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Table 5.21: Results for composite beams with openings with different slab thickness, 
type A
Beam model Slab
thickness
(mm)
—  jcIOO
t ref
(%)
Pu Pu
P0
K
P n o
A-Tl 105 0 160.06 1.00 0.94
A-T2 110 5 162.67 1.02 0.96
A-T3 115 10 167.07 1.04 0.99
A-T4 120 14 172.72 1.08 1.02
A-T5 125 15 177.78 1.11 1.05
A-T6 105 0 147.66 1.00 0.97
A-T7 110 5 150.57 1.02 0.99
A-T8 115 10 153.27 1.04 1.01
A-T9 120 14 156.56 1.06 1.03
A-T10 125 15 159.61 1.08 1.05
A-Tll 105 0 152.80 1.00 0.96
A-T12 110 5 155.27 1.02 0.98
A-T13 115 10 157.52 1.03 0.99
A-T14 120 14 161.38 1.06 1.01
A-T15 125 15 165.37 1.08 1.04
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Table 5.22: Results for composite beams with openings and with different slab 
thickness, type B
Beam model Slab
thickness
(mm)
oo- 
It 
^
 
1 '***
Pu Pu
Po
Pu
Pno
B-Tl 105 0 176.42 1.00 0.96
B-T2 110 5 180.31 1.02 0.98
B-T3 115 10 185.61 1.05 1.01
B-T4 120 14 192.20 1.09 1.04
B-T5 125 15 196.19 1.11 1.07
B-T6 105 0 161.07 1.00 0.96
B-T7 110 5 164.09 1.02 0.98
B-T8 115 10 167.50 1.04 1.00
B-T9 120 14 171.03 1.06 1.02
B-T 10 125 15 174.11 1.08 1.04
B-Tll 105 0 167.46 1.00 0.96
B-T 12 110 5 170.74 1.02 0.98
B-T 13 115 10 175.27 1.05 1.01
B-T 14 120 14 179.70 1.07 1.04
B-T 15 125 15 183.14 1.09 1.06
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Table 5.23: Results for composite beams with openings and with different slab 
thickness, type C
Beam model Slab
thickness
(mm)
oo7 
?
1 Pu Pu
Po
Pu
Pno
C-Tl 105 0 170.59 1.00 0.94
C-T2 110 5 174.40 1.02 0.96
C-T3 115 10 180.17 1.06 0.99
C-T4 120 14 187.77 1.10 1.03
C-T5 125 15 192.64 1.13 1.06
C-T6 105 0 155.92 1.00 0.94
C-T7 110 5 159.99 1.03 0.97
C-T8 115 10 162.80 1.04 0.99
C-T9 120 14 167.64 1.08 1.02
C-T 10 125 15 172.11 1.10 1.04
C-Tll 105 0 162.67 1.00 0.96
C-T 12 110 5 165.72 1.02 0.97
C-T 13 115 10 169.33 1.04 1.00
C-T 14 120 14 174.60 1.07 1.03
C-T 15 125 15 178.93 1.10 1.05
5.5.6 Effect of steel reinforcement (rebar) area
Figures 5.59 to 5.67 show the load-deflection curves, which represent the effect of the 
steel reinforcing bar area on the composite beams with openings, in a metal-ribbed 
decking slab.
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Figure 5.59: Effect o f  rebar area on ultimate load o f  com posite beam with openings o f 
type A with concrete strength, 43.3 N /m m 2
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Figure 5.60: Effect o f  rebar area on ultimate load o f  com posite beam with openings o f 
type A with concrete strength, 26 N /m m 2
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Figure 5 .6 1: Effect o f  rebar area on ultimate load o f  com posite beam with openings o f  
type A with concrete strength, 35 N /m m 2
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Figure 5.62: Effect o f  rebar area on ultimate load o f  com posite beam with openings o f  
type B with concrete strength, 43.3 N /m m 2
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Figure 5.63: Effect o f  rebar area on ultimate load o f com posite beam with openings o f 
type B with concrete strength, 26 N /m m 2
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Figure 5.64: Effect o f  rebar area on ultimate load o f com posite beam with openings o f 
type B with concrete strength, 35 N /m m 2
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Figure 5.65: Effect o f  rebar area on ultimate load o f  com posite beam with openings o f  
type C with concrete strength, 43.3 N /m m 2
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Figure 5.66: Effect o f  rebar area on ultimate load o f  com posite beam with openings o f  
type C with concrete strength, 26 N /m m 2
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Figure 5.67: Effect o f  rebar area on ultimate load o f  com posite beam with openings o f 
type C with concrete strength, 35 N /m m 2
It can be observed from load-deflection curves an increase in rebar area results in 
increase in the ultimate load. There is no effect on beam stiffness in linear range. Most 
o f  the load-deflection curve is linear approxim ately up to 80 kN. C om plete results for 
this study are shown in Table 5.24 to Table 5.26.
In the table Pu is ultimate load for beam with opening reinforced with rebar while P0 is 
ultim ate load for beam with openings and no rebar. It can be observed when two rebar
P
with 6 mm diameter, located outerm ost side o f  flange, —  ratio up to 1%. W hen four
o
p
rebar w ith 16mm diam eter is used, —  ratio is increased up to 10%. The maximum
Po
p
—  ratio is 1.10, which indicates 10% increment over the openings model w ithout 
Po
rebar, w hich is for A-R18 model.
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Concrete cross section area in transverse axis was reduced by openings and 
aibsequently reduced the compressive force. Inclusion of rebar has significant effect 
tD enhance the moment resistance of composite beam with openings in metal-ribbed 
decking. Rebar ratio is the ratio between rebar area and effective concrete area. In all 
cases, added only 0.2% of rebar will not increase the ultimate load of composite beam 
vith openings compared with a composite beam without openings. However adding 
more than 2.5% of rebar will increase the ultimate load even over than that of the 
models without openings which indicate that the beam could be largely over designed. 
Results have shown that the ideal percentage of rebar to be used is between 0.3% and 
1% in order to avoid under or over design the composite beam caused by openings.
This shows that the rebar can be utilized to contribute to composite action. This 
observation proved that the forced developed by the rebar can be transferred by the 
shear connector for the cases with opening located at maximum bending moment 
region of beam span. However, the rebar ratio also is depends on degree of shear 
interaction. To take into account both factors of openings and rebar in design, a design 
method has been proposed in Chapter 6 based on numerical result obtained.
It should be mentioned here all models are failed due to bending. It should be borne in 
mind that in this parametric study, rebars are only to be used to improve the moment 
capacity of composite beam when the openings are located at the mid-span regions 
since it is assumes that the yield strength of the reinforcement can be achieved even 
for the beam designed with partial-interaction and failure occured due to bending. 
Such suggestion cannot be made for composite beam failed in shear failure.
Nie.et al (2008) and Titoum et. al. (2009) concluded from their observation, for 
composite beam with degree of shear interaction less than 50%, will fail due to shear 
failure. Similar conclusion also has been made in Chapter 4, section 4.4.2. Due to this 
reason, the technique can only be used for composite beam failed in bending with the 
degree of shear interaction is more than 50%. To develop a practical design method by 
using this technique, more numerical analyses for different reinforcing bar area has 
been carried out specifically to study the improvement of moment resistance of 
composite beam with openings by inclusion of rebar.
Composite beam with opening in metal-ribbed decking slab 147
Chapter 5: Parametric Studies on Composite Beam with Openings in Metal-ribbed
__________ Decking Slab_____________________________________________________
Table 5.24: Results for composite beams with openings and with different rebar area, 
type A
Beam
Model
Reinforcing 
bar area 
(mm2)
Rebar Ratio 
(%)
Opening
parameter Pu
Pv
Po
Pu
Pno
a (mm) f  (mm)
A-Rl (2R6)
56.56 0.2 140 200 161.25 1.01 0.95
A-R2 (2R12)
226.22 0.7 140 200 163.83 1.02 0.97
A-R3 (2R16)
402.18 1.2 140 200 167.02 1.04 0.99
A-R4 (4R6)
113.11 0.3 140 200 162.55 1.02 0.96
A-R5 (4R12)
452.45 1.4 140 200 168.28 1.05 0.99
A-R6 (4R16)
804.35 2.5 140 200 173.51 1.08 1.02
A-R7 (2R6)
56.56 0.2 140 200 148.93 1.01 0.98
A-R8 (2R12)
226.22 0.7 140 200 152.49 1.03 1.00
A-R9 (2R16)
402.18 1.2 140 200 155.97 1.06 1.02
A-R10 (4R6)
113.11 0.3 140 200 150.43 1.02 0.99
A-Rll (4R12)
452.45 1.4 140 200 156.71 1.06 1.03
A-R12 (4R16)
804.35 2.5 140 200 161.51 1.09 1.06
A-R13 (2R6)
56.56 0.2 140 200 153.87 1.01 0.97
A-R14 (2R12)
226.22 0.7 140 200 157.14 1.03 0.99
A-R15 (2R16)
402.18 1.2 140 200 159.65 1.04 1.00
A-R16 (4R6)
113.11 0.3 140 200 155.10 1.02 0.97
A-R17 (4R12)
452.45 1.4 140 200 160.74 1.05 1.01
A-R18 (4R16)
804.35 2.5 140 200 167.41 1.10 1.05
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Table 5.25: Results for composite beams with openings and with different rebar area, 
type B
Beam
Model
Reinforcing 
bar area 
(mm2)
Rebar Ratio 
(%)
Opening
parameter Pu PJPo P u/Pno
a (mm) f (mm)
B-Rl (2R6)
56.56 0.2 140 200 177.32 1.01 0.96
B-R2 (2R12)
226.22 0.7 140 200 179.72 1.02 0.98
B-R3 (2R16)
402.18 1.2 140 200 181.50 1.03 0.99
B-R4 (4R6)
113.11 0.3 140 200 178.44 1.01 0.97
B-R5 (4R12)
452.45 1.4 140 200 183.41 1.04 1.00
B-R6 (4R16)
804.35 2.5 140 200 188.06 1.07 1.02
B-R7 (2R6)
56.56 0.2 140 200 162.68 1.01 0.97
B-R8 (2R12)
226.22 0.7 140 200 165.29 1.03 0.99
B-R9 (2R16)
402.18 1.2 140 200 167.35 1.04 1.00
B-R10 (4R6)
113.11 0.3 140 200 163.71 1.02 0.98
B-Rll (4R12)
452.45 1.4 140 200 169.89 1.05 1.01
B-R12 (4R16)
804.35 2.5 140 200 176.00 1.09 1.05
B-R13 (2R6)
56.56 0.2 140 200 168.76 1.01 0.97
B-R14 (2R12)
226.22 0.7 140 200 170.70 1.02 0.98
B-R15 (2R16)
402.18 1.2 140 200 172.57 1.03 0.99
B-R16 (4R6)
113.11 0.3 140 200 169.83 1.01 0.98
B-R17 (4R12)
452.45 1.4 140 200 175.57 1.05 1.01
B-R18 (4R16)
804.35 2.5 140 200 180.05 1.08 1.04
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Table 5.26: Results for composite beams with openings and with different rebar area, 
type C
Beam
Model
Reinforcing 
bar area 
(mm2)
Rebar
Ratio
(%)
Opening
parameter Pu Pu/Po P i/Pno
a (mm) f (mm)
C-Rl (2R6)
56.56 0.2 140 200 170.74 1.00 0.94
C-R2 (2R12)
226.22 0.7 140 200 173.74 1.02 0.96
C-R3 (2R16)
402.18 1.2 140 200 176.09 1.03 0.97
C-R4 (4R6)
113.11 0.3 140 200 172.67 1.01 0.95
C-R5 (4R12)
452.45 1.4 140 200 177.23 1.04 0.98
C-R6 (4R16)
804.35 2.5 140 200 182.71 1.07 1.01
C-R7 (2R6)
56.56 0.2 140 200 157.63 1.01 0.95
C-R8 (2R12)
226.22 0.7 140 200 160.76 1.03 0.97
C-R9 (2R16)
402.18 1.2 140 200 162.49 1.04 0.98
C-R10 (4R6)
113.11 0.3 140 200 159.41 1.02 0.97
C-Rll (4R12)
452.45 1.4 140 200 165.63 1.06 1.00
C-R12 (4R16)
804.35 2.5 140 200 170.38 1.09 1.03
C-R13 (2R6)
56.56 0.2 140 200 163.56 1.01 0.96
C-R14 (2R12)
226.22 0.7 140 200 165.06 1.01 0.97
C-R15 (2R16)
402.18 1.2 140 200 168.30 1.03 0.99
C-R16 (4R6)
113.11 0.3 140 200 164.11 1.01 0.96
C-R17 (4R12)
452.45 1.4 140 200 170.27 1.05 1.00
C-R18 (4R16)
804.35 2.5 140 200 174.39 1.07 1.02
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5.6 Conclusion
The effects of openings on composite beams with ribbed-decking slabs were studied. 
A 3D, non-linear finite element model was developed to investigate these influences. 
There were three type of decking, A (narrow-ribbed), B (wide-ribbed) and C (wide- 
ribbed) used in this study base on their dimension. Fifty four composite beam models 
were used to investigate the effect of this parameter on the ultimate moment capacity. 
It was found that when openings size in the transverse axis was increase, they had a 
significant effect on the ultimate load, compared to openings size in longitudinal axis. 
First part deals with investigation of the opening effect on the ultimate moment 
capacities of composite beams. Parameters considered include opening sizes in 
transverse and longitudinal axis, location of the openings and position of load.
When openings size were varied in transverse direction, for type A decking (narrow- 
ribbed), the results show that by increasing the openings size in transverse direction 
will decrease the ultimate load of composite beam. The results show that the ultimate 
load decrease by 2%, 1% and 2% when the opening size is increased by 10% in the 
direction of transverse axis for model Al, A7 and A8, respectively. The corresponding 
drop in ultimate load is 9%, 6% and 10%, respectively, when the opening size 
increased to 50%. For B type model (wide-ribbed), the results show that the ultimate 
load drops by 2%, 3% and 3%, when the opening size is increased by 10% in the 
direction of transverse direction for model Bl, B7 and B8, respectively. The 
corresponding drop in ultimate load is 11%, 15% and 12% when the opening size 
increased to 50%. For C type model, the metal decking used in this group is classified 
as wide-ribbed. This is similar classification to B groups but different in decking 
dimension. Similar pattern of load-deflection curve was observed when compared 
with that of A and C group. The results show that the ultimate load drops by 4%, 3% 
and 3%, when the opening size is increased by 10% in the transverse direction for 
model Cl, C7 and C8, respectively. The corresponding drop in ultimate load is 12%, 
14% and 11% in ultimate load when the opening size increased to 50%. For all cases, 
with the increase in load, development of high compressive stress is initiated at beam 
centre and outermost side of opening and then high compressive stress extends to the 
whole side of opening. For higher openings ratio, development of high compressive
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stress is initiated at lower applied load compared to model which has lower opening 
ratio.
Second parameter considered is openings size in longitudinal direction. Increase the 
openings size in the longitudinal direction has little effect on the ultimate load. 
Negligible effect on ultimate load is due to the fact that the width of composite beam 
flange is not reduced. Reduction in stiffness of the beams is, however, observed in the 
linear range with increase in the size of openings (f). Reduction is attributed due to 
change of geometry of composite beams in the longitudinal direction. Reduction in 
stiffness can be associated with opening ratio. Opening ratio is defined by opening 
size in longitudinal direction divided by beam length. With opening ratio of 10%, the 
reduction of stiffness is approximately 4% compared with that of a composite beam 
without opening. For opening ratio 40%, the reduction of stiffness is as high as 22%, 
as in the case of model Bl-f3. From the numerical results, it can be concluded that the 
effect is significant when opening ratio is more than 20%.
Third parameter considered was openings location with a point load applied at mid­
span. Two different locations, 400mm and 800mm were considered in the study. It can 
be seen that the beam stiffness and ultimate load are least affected when the openings 
are placed away from the mid-span. Load-deflection curves show that there is 
reduction on moment capacity of composite beam even when opening is not located at 
mid-span. However, when applied load location was varied while openings location 
was constant, the reduction of moment capacity is found to be influenced by applied 
load location. Load is applied at different locations which are in front of opening 
(front section), opening centre (central section) and behind opening (end section). 
Moment is reduced up to 4%, 6% and 7% for load applied at the front section, central 
section and end section of openings, respectively. It was observed that the moment 
reduction is more when load is located at opening end section compared to front 
section. It was also observed that the opening influences more if it is applied within 
the region of maximum bending moment. For central loading, the maximum bending 
moment is at the central of the beam while for two point load cases, the maximum 
bending moment is in between the two loads. Stress contours in composite beam with 
opening with different load locations shows that for openings located outside 
maximum bending moment region (load applied at front section), high compressive
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stress in slab is formed at mid-span. For load applied at the opening centre and 
opening end section, high compressive stress in slab is distributed at opening area, 
along innermost and outermost side of beam flange. The location of high compressive 
stress is changing from mid-span to opening area due to reduction of slab section.
Fourth parameter considered was two openings with different position .A reduction of 
ultimate load for two openings located at both side of beam flange is more than that of 
openings located at one side of beam flange. The difference in ultimate moment 
between these opening positions is between 3% and 5%. It should be mention, the 
analyses were carried out using model with openings located away from mid-span. 
The ultimate moment could be reduced more if openings are located at mid-span of 
the beam. It can be observed from stress contour, when opening is positioned at both 
sides of beam flange, high compressive stress developed at comer side of opening. 
Between these two openings, high compressive stress developed from one opening 
comer to another opening comer. It shows that the stress distribution is influenced by 
these two openings. Calculation of effective width should include these two openings 
even though both opening is located at different cross section. For opening located at 
one side of flange, high compressive stress is distributed at load location area.
Finally, the parametric study was also conducted to study suitable methods to increase 
the moment capacity of the composite beams with openings in metal-ribbed decking 
in order to counter the openings effect in composite beam slab. The aim of this study 
is to investigate how the beam capacity is increase in order to avoid any too 
conservative or inadequate in beam design. Three methods were considered, concrete 
strength, slab thickness and rebar area.
First method was to concrete cube strength increased. The ultimate load is increased 
by about 10% when the cube strength of composite beam with opening is increased 
from 26 MPa to 43.3 MPa. It is observed, the beam ultimate load are affected more for 
lower opening ratio. As in the case of models Al, B1 and Cl which has 10% opening 
ratio, ultimate load is increased about 7% over the composite beam without openings 
when the cube strength is increased from 26 MPa to 43.3 MPa. As in the case of 
model A6, B6 and C6 which has higher opening ratio (50%), the ultimate load is 
increased about 1% over the composite beam without opening when the cube strength
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is increased from 26 MPa to 43.3 MPa. It can be concluded that the ultimate load is 
increment by increasing cube strength is influence by openings ratio. By increasing 
the concrete cube strength, for higher openings ratio, the increase in ultimate load is 
lower compare to smaller openings ratio.
The second method was increasing slab thickness. It is interesting to note that, the 
ultimate load is increased up to composite beam without openings when the slab 
thickness is increased by 10% over the thickness of reference model. This result 
shows that around 10% of slab thickness increment from reference model for 
composite beam with openings is required to recover lost of composite beam strength 
caused by openings in slab. In all cases, it is observed that the ultimate load is 
increased more than composite beam without openings when the slab thickness is 
increased more than 10% for the thickness of reference model. As in the case of model 
B-T5, the ultimate load is increased by 7% over the composite beam without openings 
when the slab thickness is increased by 19% over the thickness of reference model. 
These results show that the composite beam with openings will be over designed 
when the slab thickness is increased more than 10% over the thickness of reference 
model.
The final method was the inclusion of rebar. Concrete area in transverse axis was 
reduced by openings and subsequently reduced the compressive force. Inclusion of 
rebar produced significant effect to enhance the moment resistance of a composite 
beam with openings in metal-ribbed decking. Rebar ratio is the ratio between rebar 
area and effective concrete area. In all cases, adding 0.2% of rebar will not increase 
the ultimate load of composite beam with openings up to composite beam without 
openings. However added 2.5% of rebar will increased the ultimate load over than 
models without openings. Results show that the ideal percentage of rebar to be used is 
between 0.3% and 1% in order to avoid under-estimate or over-estimate the composite 
beam design caused by openings.
Therefore it can be concluded that, to improve the ultimate load of composite beams 
with openings in metal-ribbed decking slabs, designers should consider the cost 
implications and they have an option to choose whether to use the cube strength,
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overall slab thickness, rebar, or combine technique to counter the effect of the 
openings.
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Chapter 6
ANALYTICAL METHOD
6.1 Introduction
Parametric studies carried out on composite beams with and without openings in 
flanges have been described in Chapter 4 and Chapter 5. Although finite element 
method can be used to determined the ultimate strength of composite beams with 
openings, it is time consuming and inconvenient to use in design practice. Therefore, 
it is desirable to obtain practical design equations. In this chapter, the development of 
a simple design method to predict the ultimate moment capacity of composite beams 
with openings is presented. The values of ultimate moment capacity thus obtained by 
the design method are compared with corresponding value from the numerical 
method.
6.2 Plastic analysis of composite beam with opening in flange
The ultimate strength of composite members depends on the degree of shear 
connection provided, the compressive resistance of effective concrete slab and tensile
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yield resistance of the steel shape. It is determined from its plastic capacity. It is 
assumed in the design method that strain across the section is sufficiently large that 
the steel stresses reach at yield throughout the section and that the concrete stresses 
are at their design strength. The plastic stress blocks are assumed rectangular as 
opposed to linear in the elastic design. For composite beam with metal-ribbed 
decking, changing the effective width of the concrete flange could be only 
modification required to deal with openings in slab design. By neglecting concrete 
tensile strength, plastic moment capacity of composite beam with opening section, Mc, 
can be calculated by the following procedure:-
• Find the net effective width of the flange
The net effective width of the flange with opening can be found as,
B ne =  Be-2a (6-1)
Where,
a= wide of a square openings at the cross-section 
Be=effective width of the beam flange
Be B ne
*------------------------------------ rt f -------------------------- #_______  -    I-r------------------------- I--:----------------1
I I  I I
I I I I
I I I I
a
(a) Flange with opening (b) Net effective width
Figure 6.1: Typical composite section composite beams with openings 
• Moment capacity
As for the recommendation in design codes such as, EC4 (BSI 1991) and BS5950 
(BSI 1990), the plastic neutral axis of the composite section can be located by
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comparing the compressive resistance of the effective concrete slab with tensile
resistance of steel shape as in Equation (6-1) and equation (6-3), respectively,
Rc = 0.45 f j D s - D p)Be (6-2)
R ,= P A  (6-3)
To account for openings, modified compressive resistance is given by Equation (6-4)
K = M r -  (6-4)
B e
There are three possible location of the plastic neutral axis as shown in Figure 6.2.
D,
M
D .  £NA.
D
0.45/ct
|J x ,
_PNA.
R s
x,
Ds-Di
P N A
X,
(a) (b) (c) (d)
Figure 6.2: Plastic analysis of composite section under positive moment (PNA:
plastic neutral axis)
The modified moment capacity, Mc, for full interaction of the composite beam is given 
by:
Case 1- Neutral axis in concrete (Figure 6.2 (b))
M = R .
D „ R B ( D s - D
-  + D -
R c B r ,e  \
(6-5)
Case 2- Neutral Axis in steel flange (Figure 6.2 (c))
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m . = r . 2 + r ' b~■ c  S 2 B
D + D
e  \
\ i R. -  RcBne'
(6-6)
Case 3- Neutral Axis in steel web (Figure 6.2 (d))
M C=M S +
B.
fD ,+ D p +D') 1 1
2 J K B, J
D
4
(6-7)
However for partial interaction in the composite beam, modified moment capacity Mc 
is given by:
Case 4: Plastic neutral axis in the flange
M C= R ,~  + Rg A -
v
RB„ ( D - D  ^q - e s  p
J) Rf  4
(6-8)
Case 5: Plastic neutral axis in the web
s °  + d . - r <b ‘
'D .- D .V i  Rq2 D
R c B n * J) K  4
(6-9)
6.3 Opening size
A parametric study was conducted using fifty four FE model for various opening sizes 
across the composite beam flange (100mm, 200mm, 280mm, 340mm, 400mm and 
500mm), three different metal-ribbed decking (type A, type B and type C) and 
various concrete strength (26 N/mm2, 35 N/mm2 and 43.3 N/mm2). Details of the 
study have been given in Chapter 5. An example of the design calculation to 
determine moment capacity for model A1 is presented in Appendix H and Appendix I. 
Modified plastic analysis proposed in section 6.2 was used. Values of moment 
capacities obtained from the design method are compared with the corresponding 
value determined by using the finite element method.
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Tables 6.1 to 6.3 show the comparison of ultimate moment values. In the table Mfe 
and Mno refers to values of composite beam with opening and composite beam without 
openings, respectively, obtained from numerical model. Mec4 and Mbs59so refer to the 
ultimate moment calculated by modified design equation according to EC4 (BSI 
1991) and BS5950 (BSI 1990), respectively. A good agreement can be seen between 
the moments capacities obtained from design equation and the finite element results.
It can be observed that Mec4, the EC4 values are lower than corresponding values 
predicted by BS 5950, Mbss9so- The difference is due to the definition for degree of 
shear connection between these two codes. The comparison shows most of the 
predicted value to be on safe side; when the predicted values using modified EC4 and
MBS5950 equation were lower than finite element values. The mean ——  ratio and
M fe
M iBS5950
M  pe
ratio for 54 numerical models are 0.96 and 0.99, respectively, with standard
deviation of 0.02 and 0.01, respectively.
It can be seen from ratio of M
\M no j
M
FE V ^  no J
and
EC 4
M_
M\  no J  BS5950
that with the
presence of openings results are in reduction of the moment capacity of composite 
beams. Increase in the opening size will decrease a moment capacity of composite 
beam. For example, as in case of model B12, with the opening ratio of 50%, moment 
capacity is reduced by 15 % using finite element method. The reduction also 
confirmed by design method where moment capacity is reduced by 15% and 14% 
according to EC4 (BSI 1991) and BS5950 (BSI 1990), respectively. By comparing the 
value from finite element analysis and calculated value from modified equation, the 
prediction by modification equation can be considered accurate for the design 
purpose.
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Chapter 6: Analytical Method
6.4 Concrete strength
The values of ratios — fcu--4— and —/c“~43,3 obtained from the numerical analyses are
M f e u -26 M no
listed along with the results obtained from design method in Table 6.4. In the table 
Mfcu-43.3 represents the values of ultimate moment for model with 43.3 MPa cube 
strength whereas MfCU-26 is for model with 26 MPa cube strength. Design method 
explained in section 6.2 is used to calculate the analytical results. It is observed from 
table that maximum variation ratio between analytical and numerical value is 2%. 
M  fcu_43 3
Mean value for ———-ratio of numerical results is 10%. This is confirmed by
modified EC4 and BS5950 method, 8% and 11%, respectively. The moment capacity 
of composite beam with opening also has been compared with composite beam 
without opening. It can be seen from the table that the most of analytical results 
obtained from modified EC4 produces conservative prediction of ultimate moment of 
composite beam with openings in metal-ribbed decking slab.
As in the case of models Al, B1 and Cl which has 10% opening ratio, ultimate load is 
increased about 6% to 9% over the ultimate load of composite beam without openings 
when the cube strength is increased from 26 MPa to 43.3 MPa. As in the case of 
model A6, B6 and C6 which has higher opening ratio (50%), the ultimate load is 
increased about between -2% and 3% compared to ultimate load of the composite 
beam without opening when the cube strength is increased from 26 MPa to 43.3 MPa. 
Similar observation is also obtained from numerical result. It can be observed that the 
increment of moment capacity is more significant with lower opening ratio. For 
example, as in the case of model Al, with opening ratio 10% give significant
M  /t„_43  3
increment in ratio of ———-  which is 9%. However for model A6, with 50%
M  fa-433
opening ratio, ———-ratio is only 1%. This is also confirmed by analytical value for
Al and A6 which is 7% and 4%, respectively, predicted by modified EC4 and 6% and 
1%, respectively, predicted by modified BS5950. It can be concluded that by 
increasing the concrete cube strength, for higher openings ratio, the increase in 
ultimate load is lower compare to smaller openings ratio.
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Chapter 6: Analytical Method
6.5 Overall slab thickness
Different values for slab thicknesses were considered to examine the effect of slab 
thickness on moment capacity of composite beam with opening. Analytical method 
explained in section 6.2 was used to calculate the prediction results. The comparison 
of the calculated and numerical results is shown in Tables 6.5 to 6.7. An example of 
design calculation to determine moment capacity for model A-T2 is presented in 
Appendix J and Appendix K.
The analytical results of ultimate moment capacity for different overall slab 
thicknesses are consistent with the sets of numerical results obtained. The mean 
M  M—— and — ratio for 45 numerical models is 0.94 and 0.99, respectively, with
M  fe M  fe
standard deviation of 0.02 and 0.01, respectively. Comparison between predicted 
values and numerical values show that the proposed design equation is sufficiently 
accurate. The comparison shows also that all predictions of moment capacity from 
EC4 method (BSI 1991) are on safe side compared to BS5950 method (BSI 1990).
The values at ^ FE , ^ EC4 and 95-- ratio, show that moment capacity increases
M no M no M no
with the increase of overall slab thickness. With the increase of composite slab 
thickness, the lever arm between compression and tension force increases. This 
consequently increases the moment capacity of composite beam. Interestingly, the 
increment of moment capacity is as high as 6% over the composite beam without 
openings as in the case of model B-T5. This is also confirmed by analytical method 
according to EC4 and BS5950 methods increment being as high as 5% over the 
composite beam without openings.
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Chapter 6: Analytical Method
6.6 Contribution of steel reinforcement bar (rebar)
When the concrete slab in composite beam is provided with steel reinforcements bar 
(rebar), the contribution by such reinforcement to compression force of composite 
beam with openings at mid-span has to be accounted for in predicting the moment 
capacity. To develop the practical design method, more parametric studies were 
carried out specifically to study the improvement of moment resistance of composite 
beam with openings by inclusion of rebar. The plastic moment capacity of composite 
beam with openings which includes the rebar can be derived from the block-stress. It 
is assumes that sufficient shear studs are presents where the stress from reinforcing 
bar, dyr, is not controlled by shear failure at the steel-concrete interface. The benefit of 
slip of the shear studs may be helpful as contribution towards ductile behaviour. The 
ability of metal-ribbed decking to contribute to resistance may be included only when 
the decking is oriented parallel to the direction of the beam. However the conclusion 
cannot be made since the contribution not included in this study.
The method to calculate moment capacity has been modified from the method 
proposed by Loh et. al (2004) and BS5950 (BSI 1991). This can be expressed from 
the global force equilibrium of the system as
' £ f  = 0 ; h W £ F  = Rr + R\+R,c - R a -R„  (6.10)
Figure 6.3 represents the force equilibrium condition of the entire cross-section, which 
implies that there is zero net axial force acting on the composite steel-concrete section.
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D,
•  •  •  • y -
Ds
I
D
R’c <
Y rc
P N A Y rr
Yet
-  -J f  -  -  -if- -  -  * -  -J f
Figure 6.3: Force equilibrium condition of the system
Force contribute by reinforcement is a function of the number of rebar provided over 
the beam cross-section, area of cross-section of rebar and stress developed in rebar. 
The value, Rr, may thus be calculated as
Rr = NAr <jyr (6.11)
In which,
N  is the total number of rebar at the cross- section
Ar is the cross-sectional area of rebar
cjyr is the yield stress of rebar
The balance action between shear stud, rebar and concrete can be expressed as
Rct =  Rr + R ’c-n R q  (6 .12)
and the depth of concrete in tension dct may be obtained from
dct = Fct/(0.45fcubne) (6.13)
Now the derivation includes the presence of rebar and also the concrete stress block in
tension which represent the balance action between shear stud, rebar and concrete.
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Knowledge of potential compression and tensile resistance available from the slab and 
the beam permits the location of neutral axis to proceed. Three cases are possible:
(1) Neutral axis is within the concrete slab
However, for all models in this study, composite beams are fall in partial shear 
connection. Therefore only case (2) and (3) are possible. Degree of partial shear 
connection is defined as
It should be bourn in mind as mention earlier, to make this method valid, Rr, is not 
controlled by shear failure at the steel-concrete interface. Due to this reason, K  is 
proposed to be more than 0.70 for safety reason. Assumption of K  value is based on 
observation made by Robinson et al. (1973). The ultimate moment of the system can 
be derived by taking moment about the centre of the beam in tension (Figure 6.3), 
yield to equation,
(2) Neutral axis is within the beam’s upper flange
(3) Neutral axis is within the beam’s web
The composite beam is treated as partial shear connection if
Rc+Rr > Rq (6.14)
and as full shear connection if
Rc+Rr < Rq (6.15)
(6.16)
(6.17)
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where,
yc = distance from the centre of steel beam in compression to the steel beam in tension. 
yr = distance from the reinforcing bar in compression to the steel beam in tension. 
ysc = distance from the centre of concrete in compression to the steel beam in tension. 
yct = distance from the centre of concrete in tension to the steel beam in tension.
Composite beams model were analysed using the present method. Values of moment 
capacities obtained from the proposed design method are compared with the 
corresponding values determined by using the finite element method. Tables 6.8 to 
6.10 show the comparison of ultimate moment values. An example of design 
calculation for model A-Rl is presented in Appendix L. In the table M fem refers to 
values obtained from numerical model, M cpred refers to the ultimate moment calculated 
by proposed analytical method and M no corresponds to value of composite beam 
without openings obtained from numerical method.
In the table, moment capacities obtained from proposed analytical method were 
compared with corresponding 54 numerical values. Close agreement between the two 
values is observed. The maximum deviation between numerical and analytical values
M c red
is ranging from 0.03 to 4. The mean value of the — —  ratio is 0.99. It is therefore, in
M fe
all other tables, comparison between predicted values and numerical values show that 
the proposed design equation is sufficiently accurate.
The ratio of moment capacities obtained from finite element and proposed analytical
M  M c red
method to moment capacities of composite beam without opening (— — and — — )
M m M no
shows that moment capacities are increasing with the increase of rebar area. The 
increase of moment capacity due to increase in rebar area indicates the significant 
contribution from rebar. Moment capacity obtained from numerical analysis and 
proposed analytical method show that by providing rebar in slab, moment capacity 
composite beam with opening is increased up to and can be over the moment capacity 
of composite beam without opening. As in the case of model B-R12, the moment 
capacity predicted by proposed analytical method show that the increment is 7% over
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the composite beam without openings. This is also confirmed by numerical analysis 
which the increment is 5 % over the composite beam without openings.
This proved that the force from rebar contributed to compression force. This 
contribution will consequently increase the total compression force and will increase 
the lever arm between compression force and tension force subsequently increase the 
moment capacity of composite beam.
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Chapter 6 Analytical Method
6.7 Calculation of deflection
Deflection of composite beam with opening in metal-ribbed decking slab is calculated 
as recommended by EC4 (BSI 1991) and Nie. J. (2003). The deflection of beam is 
considered within serviceability limit state. The effect of slip will be considered in the 
calculation. From the literature presented in Chapter 2, bending rigidity (El) of 
composite beams is calculated using transformed section. When there are openings in 
composite beam flange, the effect on rigidity is significant as shown in Chapter 5, 
section 5.8.2. Before calculation of deflection can be carried out, the rigidity of 
composite beam with openings need to be derived.
To calculate the rigidity of composite beam with opening, conjugate beam method has 
been used due to its simplicity since this method relies only on the principles of statics 
(Nie. J. 2006). The conjugate beam method is base on analogy between the 
relationships among load, shear and bending moment and relationship among M/EI, 
slope and deflection. Therefore, the slope and deflection can be determined from M/EI 
by the same operations as those performed to compute shear and bending moment 
respectively (Kassimali 1999). The method can be applied to different types of 
loading condition. This method is preferred because of its systematic sign convention 
and straightforward application. The moment inertia, I, at a cross section where 
openings are located is less than that other cross-section as shown in Figure 6.4.
Eli EI2 Eli
Openings position
Figure 6.4: Composite beam rigidity
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For the case of beam with openings at the mid-span, applied by a point load at the 
centre, rigidity is derived as follows by referring on diagram shown in Figure 6.5:-
M1/EI2
/-b
L
Figure 6.5: Load on the conjugate beam 
From the figure, value for My, M? and / are as follows,
II (6.18)
(6.19)
/ = *
2
(6 .2 0 )
Deflection of the composite beam with openings in the flange can, therefore be 
obtained as,
8 = - b f  + - ^ - ( 6 / 2 - 6 bl + 3b2l - b2)
6£7, 12 £7
(6.21)
For beam with no openings in the flange may be obtained from Equation (6.21) by 
putting b= 0  as,
8 = PL2
48 El (6.22)
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Equation (6.22) is a typical deflection equation for simply supported beam applied 
with single point load at mid-span. After Equation (6.21) has been derived for 
composite beam with openings, prediction of, deflection 5, can be calculated 
following EC4 standard, as follows (Equation (6.23)),
s , N S ~— = 1 + 0.3 1------ - 2— 1
Nf .
Second method to calculate deflection, Equation (6.21) is combined with the method 
recommended by Nie. J et. al. (2003) as described in Chapter 2, section 2.8. To 
consider slip effect, Nie. J et. al (2003) proposed reduced rigidity equation where,
El
B =-, r (6.24)
(i+<?)
The calculated values of deflection using the proposed method are shown in Table
6.11 and compared with the numerical results. In the table, 8 f e  is deflection obtained 
from the numerical method, 8EC4 is deflection predicted using EC4 (BSI 1991) and SNie 
is calculated value from Nie. J method (2003). Example of calculation is shown in 
Appendix M and Appendix N.
Figures 5.20 to 5.25, in Chapter 5, decrease in stiffness in the linear range with the 
increase of opening size in longitudinal direction has been observed. From this 
observation, composite beam with different opening size in longitudinal and 
transverse direction are compared with result obtained from proposed method. Table
6 .1 1  shows the comparison of deflection values.
From the result given in the table, the standard deviation between deflection values 
obtained from finite element method and EC4 method ( 8 f e  and 8ec4) is found to vary
g
from 0.12 to 1.46, the average ratio, ——  is 0.83. However, the standard deviation
5 FE
between values obtained from finite element method and Nie. J. (2003) method ( 8 f e
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and 5Nie) ranges from 0.02 to 1.07; the average ratio, —— is 0.92. The calculated
S FE
deflection is generally in good agreement with finite element results. However 
calculated result according to Nie. J (2003) method closed to FE values compared to 
EC4 (BSI 1991) method. Predicted values from EC4 (BSI 1991) method are lower 
than those by Nie.J (2003) method. For model Al to C l8 , where the opening size in 
transverse direction is investigated, there are no changes in rigidity since the opening 
size in longitudinal direction is kept constant.
Result from table 6.11 show that the deflection for model Al-fl to Cl-f3 predicted by 
proposed analytical methods (8ec4 and 8Nie)> is found to increase with the increase of 
opening ratio in longitudinal direction. This is also confirmed by numerical results. 
Increased in deflection is more significant when the opening ratio is more than 20%. 
The increased in deflection is due to increased in opening ratio in longitudinal and 
transverse direction. The increase in opening ratio will reduce the beam section and 
consequently reduced the rigidity (El).
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Chapter 6: Analytical Method
6.8 Conclusions
Moment capacity equations for composite beam with openings in metal-ribbed 
decking slab using effective width method were proposed. The proposed equation is 
based on the ratio between net effective width and gross effective width. Results 
obtained compared with the value from numerical analysis. The design methods used 
in EC4 (BSI 1991) and BS 5950 (BSI 1990) were subsequently modified. Agreement 
is observed between the results for ultimate moment, obtained using the proposed 
design equations and the corresponding FE analysis. The design method according to 
EC4 (BSI 1991) is found to be on safe side compared to BS 5950 (BSI 1990). The 
proposed method was used to calculate the moment capacity of composite beam with 
openings with different concrete strength and slab thickness.
Secondly, the method to calculate moment capacity of composite beam with openings 
reinforced with rebar also has been derived. The contribution from the reinforcement 
to compression force of composite beam with openings at mid-span was accounted in 
predicting the moment capacity. The plastic moment capacity of composite beam with 
openings which includes the proposed effective width method and the rebar can be 
derived from the block-stress. The derivation also is included the degree of shear 
interaction by taking account the balance action between shear stud, rebar and 
concrete. The proposed method is sufficiently accurate when compared with results 
obtained from numerical method.
Finally, formula to determine rigidity of simply supported composite beam with 
openings loaded under single point load at mid-span has been derived. The proposed 
equation has been combined with formula proposed by EC4 and Nie. J. (2003) to 
calculate the deflection of composite beam. The results by the proposed design 
equation were compared with numerical results and were found reliable to predict the 
deflection of composite beams with openings.
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Chapter 7
CONCLUSIONS AND RECOMMENDATIONS
7.1 Introduction
This research has been carried out to study the behaviour of composite beams with 
openings in metal-ribbed decking slabs. The basic components of the system are 
metal-ribbed decking, concrete infill and steel beams, connected by a headed shear 
stud. A numerical model has been developed using the finite element package 
‘ANSYS’. For composite beams, a full-scale experimental test in a laboratory is very 
costly. Finite elements method can be used to simulate the experiment to study 
structural behaviour.
The proposed model has been carefully validated by comparing with experimental 
data; the model was then used to study the influence of the opening in the composite 
beam. The FE models have been validated using full-scale experimental test data. It is 
shown that the finite element and experimental results can be combined efficiently and 
thus better understanding of the structures could be obtained.
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FE model has been used to study the influence of openings in the composite beam. FE 
is a good alternative method since the variation of parameter can be studied whereas 
only a limited number of test can be carried out with physical model in view of high 
cost. Design equations were in accordance with EC4 (BSI 1991) and BS 5950 (BSI 
1990). The results obtained from parametric study have resulted in the development of 
design equations.
7.2 Summaries and conclusions
Based on the findings in this research, following conclusions are made:
(a) Numerical modelling of composite beam with metal-ribbed decking slab.
1) The constitutive model used in modelling the composite beam can be used to 
represent the nonlinear behaviour of the material used. Very good agreement has been 
observed by comparing the finite element results with experimental results.
2) Use of solid element to model the shear stud in the finite element idealisation 
has been shown to predict accurately the ultimate load and load-deflection behaviour 
of the composite beam. Close agreement was obtained between the experimental and 
finite element modelling.
3) Deflection values obtained from the finite element analysis ( 8 f e m )  are found to 
be close to the corresponding to EC4 method. These values obtained from design 
method (8 ec4) are higher. This may be because finite element analysis ignores the 
stiffness of concrete behind the shear stud.
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(b) Numerical modelling of composite beams with openings in metal-ribbed 
decking slabs.
1) For type A decking (narrow-ribbed), all the load-deflection curves are linear 
up to the first yield load and become non-linear thereafter. Most of the models sustain 
the linear stage approximately up to 80 kN. The results show that by increasing the 
openings size in transverse direction will decrease the ultimate load of composite 
beam. The results show that the ultimate load decrease by 2%, 1% and 2% when the 
opening size is increased by 10% in the direction of transverse axis for model Al, A7 
and A8 , respectively. The corresponding drop in ultimate load is 9%, 6 % and 10% 
when the opening size increased to 50%.
2) The load-deflection behaviour for type B decking is linear up to the first yield 
load averagely equal to 105 kN and it becomes non-linear thereafter. The results show 
that the ultimate load drops by 2%, 3% and 3%, when the opening size is increased by 
10% in the direction of transverse direction for model Bl, B7 and B8 , respectively. 
The corresponding drop in ultimate load is 11%, 15% and 12% in ultimate load when 
the opening size increased to 50%.
3) Load-deflection behaviour of type C decking is almost linear up to 80 to 85 kN 
and the showed a large deflection with increasing load thereafter. The stiffness of 
composite section contributed up to 55% of ultimate load. The results show that the 
ultimate load drops by 4%, 3% and 3%, when the opening size is increased by 10% in 
the direction of transverse direction for model Cl, C7 and C8 , respectively. The 
corresponding drop in ultimate load is 12%, 14% and 11% in ultimate load when the 
opening size increased to 50%.
4) The initiation and development of stress in ribbed decking slab with openings 
were obtained from FE stress contour. Generally with the increase in load, 
development of high compressive stress is initiated at beam centre and outermost side 
of opening and then high compressive stress extends to the whole sides of opening. 
For higher openings ratio, development of high compressive stress is initiated at lower 
applied load compared to model which has lower opening ratio.
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5) It was found that increase in the openings size in longitudinal direction does 
not affect the ultimate load. Reduction in stiffness of the beams is, however, observed 
in the linear range with increase in the size of openings. Reduction in stiffness can be 
associated with opening ratio. With opening ratio of 10%, the reduction of stiffness is 
approximately 4% compared to composite beam without opening. For opening ratio 
40%, the reduction of stiffness is as high as 22%, as in the case of model Bl-f3. From 
the numerical results, it can be concluded that the effect is significant when opening 
ratio is more than 2 0 %.
6 ) It can be conclude that, for simply supported beam, subjected to central 
loading, the beam stiffness and ultimate load are least affected when the openings are 
placed away from the mid-span.
7) The reduction of moment capacity is found to be influenced by load location. 
Moment is reduced up to 4%, 6 % and 7% for load applied at the front section, central 
section and end section of openings, respectively. It was observed that the moment 
reduction is more when load is located at opening end section compared to front 
section. It was also observed that the opening influences more if the load is applied 
within the region of maximum bending moment.
8) More reduction of ultimate load is observed when two openings are located at 
both side of flange but at different section compared to the case in which opening is 
placed at one side of flange at the section. Moment capacity of two openings located 
at both side of flange is lower than opening located at one side of flange at a section 
about 3% to 5%. It can be observed that when opening is positioned on both side of 
beam flange, high compressive stresses are developed at the comer of the openings. It 
is also observed that the stress distribution is influenced by the presence of two 
openings.
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(c) Parametric study on the method to increased the ultimate moment 
capacity of the composite beams with openings in metal-ribbed decking 
composite slabs.
1) It is observed, the beam ultimate load are affected more for lower opening 
ratio with the increase in concrete cube strength. As in the case of models Al, B1 and 
Cl which has 10% opening ratio, ultimate load is increased about 7% over the 
composite beam without openings when the cube strength is increased from 26 MPa 
to 43.3 MPa. As in the case of model A6 , B6  and C6  which has higher opening ratio 
(50%), the ultimate load is increased about 1% over the composite beam without 
opening when the cube strength is increased from 26 MPa to 43.3 MPa.
2) It is observed that approximately only 10% slab thickness increment from 
reference model for composite beam with openings is required to recover the lost of 
composite beam strength caused by openings in slab. In all cases, it is observed that 
the ultimate load is increased more than composite beam without openings when the 
slab thickness is increased more than 10% over the thickness of reference model. As 
in the case of model B-T5, the ultimate load is increased by 7% over the composite 
beam without openings when the slab thickness is increased by 19% over the 
thickness of reference model. These results show that the composite beam with 
openings will be over design when the slab thickness is increased more than 1 0% over 
the thickness of reference model.
3) Inclusion of rebar produced significant effect to enhance the moment 
resistance of composite beam with openings in metal-ribbed decking. Rebar ratio is 
the ratio between rebar area and effective concrete area. In all cases, added 0.2% of 
rebar will not increase the ultimate load of composite beam with openings up to 
composite beam without openings. However added 2.5% of rebar will increased the 
ultimate load over than models without openings which indicate that the beam is over 
design. Results show that the ideal percentage of rebar to be used is between 0.3% and 
1% in order to avoid under-estimate or over-estimate the composite beam design 
caused by openings.
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(d) Analytical method.
1) Development of a simple design method to predict the ultimate moment 
capacity of composite beams with openings is proposed. Changing the effective width 
of the concrete flange gross to net is the only modification required to deal with 
openings in slab. Moment capacity calculated by modified design equation according 
to EC4 and BS5950 show good agreement with the finite element results.
2) It was observed from ratios of M _M
\ M no y£C4
and
no J
that
BS5950'FE
presence of openings results in reduction of the moment capacity of composite beams. 
Increase in the opening size will decrease a moment capacity of composite beam. For 
example, as in case of model B12, with the opening ratio of 50%, moment capacity is 
reduced by 15 % using finite element method. The reduction also confirmed by design 
method where moment capacity is reduced by 15% and 14% according to EC4 (BSI 
1991) and BS5950 (BSI 1990), respectively. By comparing the value from finite 
element analysis and calculated value from modified equation, the prediction by 
modification equation can be considered accurate for the design purpose.
3) Results obtained from FE analysis which shows that the increment of moment 
capacity is more significant with lower opening ratio. This is also confirmed by 
analytical value. For example, as in the case of model Al, with opening ratio 10%
M  fcu_ 433
give significant increment in ratio of —-----   which is 9%. However for model A6 ,
M no
M  £„_43 3
with 50% opening ratio, ———-  ratio is only 1%. This is also confirmed by
M no
analytical value for Al and A6  which is 7% and 4%, respectively, predicted by 
modified EC4 and 6 % and 1%, respectively, predicted by modified BS5950. It is
M  faj_ 433
observed that —----- -ratio  predicted by modified EC4 method is overestimated
M no
compared to numerical method and modified BS5950 method.
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4) The method to calculate moment capacity of composite beam with openings 
reinforced with rebar also has been derived. The contribution from the reinforcement 
to compression force of composite beam with openings at mid-span was accounted in 
predicting the moment capacity. The plastic moment capacity of composite beam with 
openings which includes the proposed effective width method and the rebar can be 
derived from the block-stress. The derivation also is included the degree of shear 
interaction by taking account the balance action between shear stud, rebar and 
concrete. The maximum deviation between numerical and analytical values varies
Mc red
from 0.03 to 4. The mean value of the — —  ratio is 0.99. It is therefore, concluded
M FE
that the proposed design equation is sufficiently accurate.
5) Formula to determine rigidity of simply supported composite beam with 
openings loaded under single point load at mid-span has been derived using conjugate 
beam method. The rigidity formula then combined with deflection equation proposed 
by EC4 and Nie.J method. From the results, the standard deviation between deflection 
values obtained from the finite element method and EC4 method ( 5f e  and 8 e c 4 ) ,  is
g
varieed from 0.12 to 1.46 and that the average ratio, ——  is 0.83. However the
^F E
standard deviation between deflection values varies from 0.02 to 1.07. The calculated 
deflection is generally in good agreement with finite element results. However 
calculated result according to Nie. J (2003) method is more accurate compared to EC4 
(BSI 1991) method. Predicted values from EC4 (BSI 1991) method are lower than 
Nie.J (2003) method. It is also observed from the values obtained from the proposed 
equation, that there is significant effect on composite beam stiffness when the opening 
ratio is more than 2 0 %.
7.3 Recommendations for Future Study
The author believes that the work presented in this thesis lays the foundation for better 
understanding of the nonlinear behaviour of composite beams with openings in metal- 
ribbed decking slabs under static load. In the author’s opinion, further research should 
be carried out to address the following issues:
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1) The present investigation is restricted to the behaviour of composite beam 
under flexural mode; whereas in practice the composite beam may be subjected to 
transverse shear; such loading condition should be studied.
2) Investigation is only considered ribbed metal decking having transverse 
direction to steel beam. Ribbed metal decking having parallel direction to composite 
beams is not considered. Parallel orientation possibly could contribute to 
tension/compression force and could help to increase the moment capacity of 
composite beam with opening in metal-ribbed decking slab.
3) In this study openings are considered only in the flange (slab). However, it is 
normal to provide openings in the beam also. Study could be carried out to study the 
combined effect of openings in the flange and the web.
4) It is also important to study the effect of openings which are not within the 
effective width.
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Appendix A: Test arrangement for composite beam and typical results
l p
600kN Jack 
Load cellSpreader
Test beam
1650 600 1650
F igure A l : T est a rran g em en t for com posite  beam
C rack ing  pattern
a) E x p erim en t resu lts b) FE resu lts
F igure  A 2: T yp ica l separation  o f  steel deck ing  and  co n cre te  slab
C rack ing  pattern
— 1
T ensile  s tress-co n cre te  crack ing
a) E x p erim en t b) FE resu lts
F ig u re  A 3: T yp ica l crack ing  pattern  a t support area
T ensile  stress-concre te  c rack ing
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Appendix B: Yielding sequence of composite beam (SB1)
<0
v>
i ff<DL_
■*->
GO
Central Deflection (mm)
500
450
400
350
300
Steel B eam  
C oncrete
S h ea r stud --------------
l
■  Shear stud yielding point
250
200
150
•  Concrete crushing point100
50
0
20 400 60 80
Figure Bl: Stress-deflection curve of composite beam component
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Figure B2: Concrete Stress contours at ultimate stress
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Figure B3:
Figure B4:
AN
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Shear stud connection stress contours at ultimate stress
AN
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Steel beam stress contours at ultimate stress
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Appendix C: Yielding sequence o f composite beam (SB2)
r *
•  Concrete crushing point
0 20 40 60 80 100 120 140 160
Central Deflection (mm)
Steel Beam 
Concrete
Shear S t u d _________
l
Shear stud yielding point
Figure C l: Stress-deflection curve of composite beam component
3 6 . 3 6 6
- 3 1 . 4 7 1
- 2 5 . 3 0 8
!
- 1 8 . 5 9 3
- 1 0 . 3 5 7 1
2 . 618
1 . 2 2 1
___
Figure C2: Concrete Stress contours at ultimate stress
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ANSYS 1 0 . 0
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Figure C3: Shear stud connection stress contours at ultimate stress
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Figure C4: Steel beam stress contours at ultimate stress
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A ppendix D: Yielding sequence o f composite beam (SB3)
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Figure D2: Concrete Stress contours at ultimate stress
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Figure D3: Shear stud connection stress contours at ultimate stress
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Figure D4: Steel beam stress contours at ultimate stress
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Appendix E: Yielding sequence o f composite beam (SB4)
500
450
400
350
Steel Beam300
250 Concrete
5  200 Shear Stud
150 ■  Shear stud yielding point 
•  Concrete crushing point
100
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E l: Stress-deflection curve of composite beam component- SB4
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Figure E2: Concrete Stress contours at ultimate stress
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Figure E3: Shear stud connection stress contours at ultimate stress
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Figure E4: Steel beam stress contours at ultimate stress
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Appendix F: Yielding sequence o f composite beam (SB5)
600
500
400
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0
400 20 8060
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FI: Stress-deflection curve of composite beam component
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Figure F2: Concrete Stress contours at ultimate stress
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Figure F3: Shear stud connection stress contours at ultimate stress
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Figure F4: Steel beam stress contours at ultimate stress
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Appendix G: Yielding sequence o f composite beam (A l)
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G l: Stress-deflection curve of composite beam component
Figure G2: Concrete Stress contours at ultimate stress
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Figure G3: Shear stud connection stress contours at ultimate stress
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Figure G4: Steel beam stress contours at ultimate stress
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Appendix H: Yielding sequence o f composite beam (Bl )
500
400
Concrete 
■*— steel beam 
-±- steel beam200
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HI: Stress-deflection curve of composite beam component
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Figure H2: Concrete Stress contours at ultimate stress
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Figure H3: Shear stud connection stress contours at ultimate stress
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Figure H4: Steel beam stress contours at ultimate stress
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Appendix I :  Yielding sequence o f  composite beam ( C l )
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II: Stress-deflection curve of composite beam component
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Figure 12: Concrete Stress contours at ultimate stress
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Figure 13: Shear stud connection stress contours at ultimate stress
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Figure 14: Steel beam stress contours at ultimate stress
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Appendix J:
Moment capacity calculation of composite beam with openings in metal-ribbed decking 
slab using modified plastic analysis according to EC4 for beam A1-T2.
Structural data
L =
DP = 
Ds =
f« =
Opening, a =
4000
60
110
43.4
300
450
Steel beam section details => 203x133x30
mm
mm
mm
MPa
MPa
MPa
mm
B
T
t
D
A
Zo
133.8
9.6
6.3
203.8
3732
3.03E+05
mm
mm
mm
mm
mm2
mm2
Effective breadth of slab
Be = 720 mm
(Ribs perpendicular to beam) SLAB DIMENSIONS
STRUCTURAL GEOMETRY
Be = 720 mm
Span L = 4000 mm D = 110 mm
feu ~ 43.4 N/mm2
Slab eff. depth Ds = 50
BEAM DIMENSIONS / CLASSIFICATION
B = 133.8 t = 6.3 b/T = 6.96875
T = 9.6 b = 66.9 d/t = 29.3015873
D = 203.8 d = 184.6
SECTION IS PLASTIC
BEAM PROPERTIES
A = 3731.94 mm2 Sx = 303117.543 mm3
Ixx = 27543526 mm4 Sy = 87763.4055 mm3
lyy = 3836401 mm4 u = 0.9
rx = 85.90975 mm X = 21.22916667
ry = 32.0623 mm fsy ~ 300 N/mm2
Zx = 2702996 mm3
Zy = 573453.1 mm3
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Resistance of slab in compression
Rc =
R f _  R c B m
B„
0.45 feu Be ( Ds-Dp)
R'c = 703.08 kN
Resistance of steel section in tension
Rs = A Iy s
1119.582 kN 
Resistance of steel flange section 
Rf = 385.344 kN
Resistance of steel web section
Rw = 348.894 kN
Case2 Rs>Rc>Rw
Plastic Neutral axis lies in steel flange
e V R
Mr = 172.7668 kNm
Degree of shear connection
Number of shear connector = 
per trough
Spacing =
Diameter =
Normal Height, H =
Height as welded, h =
Rib width , ba =
1
200 mm 
19 mm 
95 mm 
95 mm 
80 mm ba = average width of rib
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Number of shear connector in = 10
half span, N
Pm = 0.8fu{TT62/A) = 102.08358 KN 81.666864 (Factored)
or
Pm = Q.29a62(fckEcm)V2 = 112.71994 KN 90.17594982 (Factored)
Strength C20/25 C25/30 C30/37 C35/45 C40/50 C45/55 C50/60
Ecm 29 30.5 32 33.5 35 36 37
ftm= fck+8
fOT= 42.20941
Ecm=22[(fcm)/10]03
Ecm= 33.88796
c = 0.2[(h/d)+1] for 3 <= h/d <= 4 = 1.2
c = 1 for h/d>4 1
h/d = 5 (if greater than 4, stud considered as ductiled)
o = 1
Ecm = 33887.96 (Check with table provided)
Reduction factor for profile shape
Q-70 ba 
yfn D, < 1 .0 («  = 1),0 .8(«  = 2 )
rp-  0.5444 =< 1
rp= 0.5444
Lowest Pm Final Prd
81.666864 44.46307 kN
For full shear connection:- 
15.81267316 
Total shear resistance, Rq
Rq = 444.6307 kN
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RE-EVALUATING THE NUETRAL AXIS POSITION FOR PARTIAL INTERACTION
Case4 Rq>Rw
Plastic Neutral axis lies in flange
M c = R s — + R 9s  2  q
( R„B. ( D - D ,
R c B ne V R
Mc = 153.1278 kNm
Shear interaction = Provided/partial Minimum degree o f shear connection
(At=Ab), N/Nf >= 0.25+0.03L
0.63 0.37
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Appendix K:
Moment capacity calculation of composite beam with openings in metal-ribbed decking 
slab using modified plastic analysis according to BS 5950 for beam A1-T2.
Structural data
L =
DP = 
Ds =
fu =
Opening, a =
4000
60
110
43.4
300
450
Steel beam section details => 203x133x30
mm
mm
mm
MPa
MPa
MPa
mm
B
T
t
D
A
Z„
133.8
9.6
6.3
203.8
3732
3.03E+05
mm
mm
mm
mm
mm2
mm3
Effective breadth of slab
Be = 720
(Ribs perpendicular to beam) SLAB DIMENSIONS
STRUCTURAL GEOMETRY
Be = 720 mm
Span L = 4000 mm D = 110 mm
feu ~ 43.4 N/mm2
Slab eff. depth Ds = 50
BEAM DIMENSIONS / CLASSIFICATION
B = 133.8 t = 6.3 b/T = 6.96875
T = 9.6 b = 66.9 d/t = 29.3015873
D = 203.8 d = 184.6
SECTION IS PLASTIC
BEAM PROPERTIES
A = 3731.94 mm2 S x = 303117.543 mm3
Ixx = 27543526 mm4 Sy = 87763.4055 mm3
lyy = 3836401 mm4 u = 0.9
rx = 85.90975 mm X = 21.22916667
«V = 32.0623 mm fsy ~ 300 N/mm2
Z x = 2702996 mm3
Zy = 573453.1 mm3
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Resistance of slab in compression
Rc = 0.45 ^  Be ( Ds-Dp)
RcBn
R'c = 703.08 kN
Resistance of steel section in tension
Rs = ys
1119.582 kN 
Resistance of steel flange section 
Rf = 385.344 kN
Resistance of steel web section
Rw = 348.894 kN
Case2 Rs>Rc>Rw
Plastic Neutral axis lies in steel flange
2 B .
( o .  + D p
ft  _  Rc B ne t
R,
172.7668 kNm
Degree of shear connection
Number of shear connector = 
per trough
Spacing =
Diameter =
Normal Height, H =
Height as welded, h =
Rib width , ba =
1
200 mm 
19 mm 
95 mm 
95 mm 
80 mm ba = average width of rib
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Number of shear connector in = 10
half span, N
Table 21.4 , Steel Designers' Manual, SCI
Dimension odf stud 
Shear connector
Character 
of concret
istic strength 
e (N/mm2)
Diameter Nominal
Height
As-
welded
Height
25 30 35 40
25 100 95 146 154 161 168
22 100 95 119 126 132 139
19 100 95 95 100 104 109
19 75 70 82 87 91 96
16 75 70 70 74 78 82
13 65 60 44 47 49 52
For concrete of characteristic strength greater than 40 N/mm2 use the value for 
40 N/mm2
Resistance o f shear connector:
From table 21.4 , Steel Designers' Manual, SCI
Characteristic strength =
Design strength,q =
(Normal concrete)
Design strength,q =
(Lightweight concrete)
Check Rib = ba/Dp= 0.11663 <
Reduction factor for profile shape
109
87.2
78.48
kN
kN
kN
narrow-rib
0.85 b
< 1.0(« = 1),0 .8(« = 2)
r p= 0.661111 =< 1
rp= 0.661111 BS 5950: Part 3 Clause 5.4.7.2
Total resistance of shear connectors 
Rq = rp x q x N
576.4889 kN
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RE-EVALUATING THE NUETRAL AXIS POSITION FOR PARTIAL INTERACTION
Case4 Rq>Rw
Plastic Neutral axis lies in flange
M . =RS—  + R.c > 2  " D -
R„Bq ~ e
K B ne
D - D .
R f
163.8449 kNm
Actual no. of connector hlf span 
No. of Full shear connector
10
13.551
Degree of shear connector Actual/Full =
K > —— - ;> 0 .4  
10
K = 0.74 0.4 O.K
0.74
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Appendix L:
Moment capacity calculation of composite beam with openings in metal-ribbed decking 
slab reinforced with rebar for beam A-Rl.
Structural data
L = 4000 mm
DP = 60 mm
Ds = 105 mm
f c u - 43.4 MPa
II<4 300 MPa
fu , shear stud = 450 MPa
fr, rebar = 460 MPa
Diameter rebar = 6 mm
Number of rebar = 
distance of rebar,
2
d r,=
from top of slab
10 mm
Steel beam section details =>
B = 133.8 mm
T = 9.6 mm
t 6.3 mm
D = 203.8 mm
A = 3731.94 mm2
z P = 303117.543 mm3
(Ribs perpendicular to beam) 
STRUCTURAL GEOMETRY
Span L =
203x133x30
Opening, a = 
Number, =
140 mm 
2
4000 mm
SLAB DIMENSIONS
Be = 1000 mm
D = 105 mm
fcu = 43.4 N/mm2
Slab effective, depth Ds = 45mm
BEAM DIMENSIONS / CLASSIFICATION
B = 133.8 t = 6.3 b/T = 6.96875
T = 9.6 b = 66.9 d/t = 29.3015873
D = 203.8 d = 184.6
SECTION IS PLASTIC
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BEAM PROPERTIES
A =
yy ”
rx =
ry =
Z x = 
Zy =
3731.94 mm 
27543526 mm4 
3836401 mm4 
85.90975 mm 
32.0623 mm 
2702996 mm2 
573453.1 mm2
Effective breadth of slab 
Be =
Bne =
R r =
1000
720
R f =  R c B m
26.01576 kN 
= 610.80075 kN
Rs = 
Rf =
Rw =
h iys
1119.582 kN 
385.344 kN 
348.894 kN
Partial Interaction infromation:-
Degree of shear connection
Number of shear connector = 
per trough
Spacing =
Diameter =
Normal Height, H =
Height as welded, h =
Rib width , ba =
Number of shear connector in = 
half span, N
Check Rib = ba/Dp= 1.333333 <
S x =
Sy =
u =
X =
fsy ~
1
200 mm 
19 mm 
95 mm 
95 mm
80 mm 
10
303117.543 mm3 
87763.4055 mm3 
0.9
21.22916667
300 N/mm2
ba = average width of 
rib
2 narrow-rib
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Resistance of shear connector:
Characteristic strength = 109 kN
(From table 21.4 , Steel Designers' Manual, SCI)
Design strength,q
h - D0.85 b
< 1.0(« = 1),0 .8(>2 = 2)
87.2 kN
r n=
rn=
0.661111111 =< 
0.661111111
1 (Take the limit value if it over) 
BS 5950: Part 3 Clause 5.4.7.2
Total resistance of shear connectors 
Rq = rp x q x N
576.4888889 kN 
Check the design condition,
R c* R r > Rq
Partial interaction design
Ret =  R ’c + R r-  Rq
60.32762111 kN
(For normal weight concrete)
tct =
R r+ Rc+ Rsc = 
R sc = 
Rsc =
Ace “
Ret/ (0.45fcubne) 
4.444563878 mm
Ret + R ss 
Ret + Rss -Rc-Rr 
(Ret + Rs -Rc-Rr)/2 
271 .5465556 kN
905.1551852 mm2
Locate neutral axis, Flange area, BT = 
Neutral axis in flange
and Rss ”  R s-R sc  
848.0354 =RSS
1284.48 mm
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Calculation for neutral axis in flange:-
Rsc =  U X  b X  f y s
t! = 6.764986436 mm
ysc = =(A sD-bt12)/2(As-bt1) - UI2
130.0634637 mm
yc = ysc + ti/2 + Ds - (Ds-Dp)
yc= 215.945957 mm
yr= ysc+ ti/2 + Ds - Dr
228.445957 mm
yet-  ysc ■*" ti/2 + W2 +dp
195.6682389 mm
Mc= R  c)/c +  Rryr +  Rscysc “ Rctyct
161.3572339 kNm
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Appendix M:
Example of deflection calculation for beam A l-fl using EC4 method.
Structural data Steel beam section details => 203x133x30
L = 4000 mm B = 133.8 mm
DP = 60 mm T = 9.6 mm
Ds = 105 mm t 6.3 mm
fcu ~ 43 MPa D = 203.8 mm
fys ~ 300 MPa A = 3731.94 mm2
z P = 303117.5 mm3
Opening Parameter
a = 250 mm
f = 200 mm
^concrete — 26499.00788
Esteel — 206000
n = 7.773875948
be= 1000 mm
tc = 45 mm
(Ribs perpendicular to beam) SLAB DIMENSIONS
STRUCTURAL GEOMETRY
B e = 1000
Span L = 4000 mm D = 105
fcu = 43
Slab eff. depth Ds =
BEAM DIMENSIONS / CLASSIFICATION
B = 133.8 t = 6.3 b/T = 6.96875
T = 9.6 b = 66.9 d/t = 29.3015873
D = 203.8 d = 184.6
SECTION IS PLASTIC
BEAM PROPERTIES
A = 3731.94 mm2 Sx = 303117.5 mm3
Ixx = 27543525.73 mm4 Sy = 87763.41 mm3
l y y  = 3836400.912 mm4 u = 0.9
rx = 85.90974687 mm X  = 21.22917
ry = 32.06229948 mm py = 300 N/mm2
Zx = 2702995.655 mm3
Zy = 573453.0511 mm3
mm
mm
N/mm2
45mm
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Rigidity of section without openinqs-B1 
Moment inertia o f composite section
Section
Transform
section Distance from top of 
slab to centroid 
(y)mm
Ay
CM>*< I local in steel 
unit
Concrete 5788.618226 22.5 130243.9 2930488 976829.3257
Steel 3731.94 206.9 772138.4 1.6E+08 27543525.73
Total 9520.558226 902382.3 1.63E+08 28520355.05
y  centroid =
■composite"
El =
902382.2961
9520.558226
105676226.4 mm4 
21769302647
94.78249853 mm
83117754
Rigidity of section with openinas-B2 
Moment inertia o f composite section
Section
Transform
section Distance from top of 
slab to centroid 
(y)mm
Ay Ay2 I local in steel 
unit
Concrete 2894.309113 22.5 65121.96 1465244 488414.6629
Steel 3731.94 206.9 772138.4 1.6E+08 27543525.73
Total 6626.249113 837260.3 1.61 E+08 28031940.39
y centroid —
■composite"
El =
837260.341
6626.249113
83460505.9 mm4 
17192864215
126.3550957 mm
= 1 + 0.3
67316156
DefJection o f s teel acting alone
P I 3 
48 El
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ls = 27543525.73
5a = 16.4493986 mm
Using conjugate beam method (Point load at central)
5C= ----- (/ -  b j  + ~— —\6l2 -  6bl + 3b2l -  b2)
1-s = 0.494080745
(6a/5c)-1 = 2.572230277
6  = 6.360454671 mm
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Appendix N:
Example of deflection calculation for beam A l-fl using Nie. J. method.
Structural data Steel beam section details => 203x133x30
L = 4000 mm B = 133.8 mmoCDIICL
Q
mm T  = 9.6 mm
Ds = 105 mm t 6.3 mm
feu = 43 MPa D = 203.8 mm
fys = 300 MPa A  = 3731.94 mm2
Zp = 303117.5 mm3
Opening Parameter
a = 250 mm
f= 200 mm
Econcrete ~ 26499.00788
Esteel = 206000
n = 7.773875948
be= 1000 mm
tc= 45 mm
(Ribs perpendicular to beam) SLAB DIMENSIONS
STRUCTURAL GEOMETRY
Be = 1000
Span L = 4000 mm D = 105
feu = 43
Slab eff. depth Ds =
BEAM D IM E N S IO N S  / C LA SSIFIC A TIO N
B = 133.8 t = 6.3 b/T = 6.96875
T = 9.6 b = 66.9 d/t = 29.3015873
D = 203.8 d = 184.6
SECTION IS PLASTIC
BEAM PROPERTIES
A = 3731.94 mm2 Sx = 303117.5 mm3
Ixx = 27543525.73 mm4 Sy = 87763.41 mm3
lyy = 3836400.912 mm4 u = 0.9
rx = 85.90974687 mm X  = 21.22917
ry = 32.06229948 mm 0) II 300 N/mm2
Zx = 2702995.655 mm3
Zy = 573453.0511 mm3
mm
mm
N/mm2
45mm
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Rigidity of section without openinas-B1 
Moment inertia o f composite section
Section
Transform
section Distance from top of 
slab to centroid 
(y)mm
Ay
CM>*<
I local in 
steel
unit
Concrete 5788.618226 22.5 130243.9 2930488 976829.3257
Steel 3731.94 206.9 772138.4 1.6E+08 27543525.73
Total 9520.558226 902382.3 1.63E+08 28520355.05
ycentroid ” 902382.2961
9520.558226
94.78249853 mm
I composite"
El =
105676226.4 mm4 
21769302647
83117754
A = nAa
Ic = n l a
Ac = 
1/Aq = 
Ao =
29011.6386
0.000535914
1865.97 mm'
r  k J c  rI  = - - + 1o c,n
lc =
lo =
dc = 
1/A* = 
A' =
214119952.2
55087051.46
184.4
63525.29843
1.57418E-05
mm
mm4
mm
mm2
mm2
0.000214 
5.51 E-05 
0.1844 
0.063525 
15.74176
m
m
m
m
m
ks = 0.505919255
Nfull 19.766
Nprov= 10
P/= 101.1838511 mm
Pitch, p = 200 mm
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v u = K P rd
Pm = 
kt = 
pitch, p = 
Vu = 
K
a 2 =
p E J o *
K  = 0.66K.
81.666864
0.544444444
200 mm 
44.4630704 
29.34562646
a2 =
A'pdc
0.821378547 m-2
P =
77 = 24(El)c/3
Lrh
n =
1.97834E-05 m/kN
2.091988524
es =
1+ £s =  
B/(1+£s ) = 
Bi =
0.468925416
1.468925416
14819.88289
14819.88289
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Rigidity of section with openinqs-B2 
Moment inertia o f com posite section
Section
Transform
section Distance from top of 
slab to centroid 
(y)mm
Ay Ay2
I local in 
steel
unit
Concrete
Steel
Total
2894.309113
3731.94
6626.249113
22.5
206.9
65121.96
772138.4
837260.3
1465244 
1.6E+08 
1.61 E+08
488414.6629
27543525.73
28031940.39
y centroid = 837260.341
6626.249113
126.3550957 mm
I composite-
El =
83460505.9
17192864215
mm4 67316156
■3II
II
Ac = 
1/Aq = 
Ao =
29011.6386
0.000535914
1865.97 mm"
1 .2 L k„I„
— r =  < / / +  — I  -  + Ia
A A„ n
lc = 
l0 = 
dc = 
1/A' = 
A'=
214119952.2
55087051.46
184.4
63525.29843
1.57418E-05
mm
mm^
mm
mm;
mm'
0.000214 
5.51 E-05 
0.1844 
0.063525 
15.74176
m
m
m
m
m
ks =
Nfull 
Nprov = 
Pr
Pitch, p =
0.505919255
19.766
10
101.1838511
200
mm
mm
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K = * , p« K  = 0.66VU
Pa = 81.666864
kt = 0.544444444
pitch ,p = 200 mm
Vu = 44.4630704
K = 29.34562646
a 2 =
P E J 'A
a2 = 0.821378547 m'2
P =
A'pdc
|3= 1.97834E-05 m/kN
2 4 ( E l l l
L2h
H = 1.652201507
0.5 -
£s = 0.370345855
1+£s = 1.370345855
B/(1+£s )= 12546.3686
B2 = 12546.3686
Using conjugate beam method - Point load at central
( i - b y  +
A = 6.618276386 mm
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